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Long-Term HSC
(LT-HSC)
Short-Term HSC
(MPP1)
Multipotent Progenitors
(MPP2/3/4)
Common Myeloid Progenitors
(CMPs)
Megakaryocyte-Erythroid Progenitors
(MEPs)
Megakaryocytes
Erythrocytes
Basophil Neutrophil Eosinophil Monocyte
Macrophage
Common Lymphoid Progenitors
(CLPs)
Granulocyte-Monocyte Progenitors
(GMPs)
Small Lymphocyte
DN-T lymphocyte
DP-T lymphocyte
Erythrocytes
Progenitors
Plasma Cell
Self-renewal
Limited 
self-renewal
B Lymphocyte
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!!!!!!S?>?b?>!G6'3()!*(5!L,$(&J9'$3!B&#-%&!d"! 6%h+%*2%! "D!*+-,%&!KfcL[c!_! AAGG0G0G0G0PGAAPAGAGPG0PAA! NO[N!KbLNLa!8! PGP00P00PGA0GGAA0GGAP0! [K^^!KbO[Of!8! PG000PGAPPPAA0PGAAPAPA! NO[K!KbbNKf!_! GA0PGGGGG0P0G0PA00GPP! NOKb!
!! Of!
KbbNKf!8! PPPGPPPPAAAA00PGAAPA! NOKc!KbbK^N!_! PAAG0AA0GPP0P0AAGPGA! N[fc!KbbK^N!8! PPP0APPA0P0PAA0PAPGG! NOK^!KbbK^L!_! PGAAGGAA00PPPAPPAGGA! N[f[!KbbK^L!8! PPGAGAA00P0G0G0GGGA0! N[fO!KbbNKc!_! 0AAG0GPAGGGAA0PPPPAA! N[f^!KbbNKc!8! GAGAPPPGA00P0PAP00G0! N[fa!KbbNNL!_! GA0GPAA0PGG0PPAPAAPPA! N[ff!KbbNNL!8! AAAGPGAG0PAA0PPA0P0G! N[fb!KbbNNa!_! PAAGAP0GAGGA0G00PG00! NOKa!KbbNNa!8! P0APGAGGP00GAP0PPA0P! NOKf!Kbb[K[!_! 0PPPPG0PPPGAGAAA0P0PPAP! Na^K!Kbb[K[!8! P0G0GAAPG0PG0GA000PPAPP! Na^L!KcLcLc!_! PG000PGAPPPAA0PGAAPAPA! NO[K!KcN[[K!_! 0PAAPAA0GGGAAP0G0PP0P0G! NaO^!KcN[[K!8! 0PG0AG0AG0AGA0GGGAPPPG! NaOO!KcN[[K8! 00G0GGGGA00PP0AG0GG00! [^f^!KcN[[[!_! A0GAGA0P00PG0GAPP0PGPAA! NaNf!KcN[[[!8! GAPPAGAGA0GAPGAAGAPGA0! NaNa!KcN[[O!8! 0PPGGAP0PGA00PG0GGAGAA! [LNK!KcN[[c!_! PPGA00PPPAP0PPAAP0G00PA! NaOf!KcN[[c!8! APGAAAP0GG000P0PGPP0PA0! NaOa!KcN[OK!_! GAGAAAAAGGPPPGGAAAGAGPP! NaOc!KcN[OK!8! G0PAAPA0GPAAPGG0GPAPAAAG0G! NaOb!KcN^aa!_! 0PGPA0G0GAPAGA00G00PPPPA! NbKK!KcN^aa!8! GAPAGPGGGGGA0PG0APGPG0PGPP0P! NbKN!KcN^fK!_! P000GGAA0GAPPAP0PGP00P! NbK[!KcN^fK!8! 0PAAP0G00PAG0PGAGAPGA0! NbKO!KcNaNf!_! 0AAPA00P0GPAAA0GPGAPA! NbK^!KcNaNb!_! G0PPA0GAA00GPGAAAGP0P! NbKa!KcNaON!_! AAPPPPAPAAPPA0PA000GGP! NbKf!KcNaOO!_! PAAA0P0PAAPAPPGAPPAAP0! [LNL!KcNbON!_! A00G0APAGA0G0APGPPAAG! NbKb!KcNb^f:8! AAGG0G0G0G0PGAAPAGAGPG0PAA! NO[N!Kc[LOf!8! 0PG0AGAAGAPGGGGA0P0GA! NbKc!Kc[L^b!_! GGAAAGP0PG0GAG0P00PAPAG0! NbNL!Kc[L^b!8! G0PAPAGAGAAG0PP0GAGAAPP! NbNK!Kc[Lb[!_! 00G0GAGAG00GG0000GP00G! NbNN!Kc[NbO!_! APGPPAGGG00GG00000PG0A! NbN[!Kc[NbO!8! 0P0PGGPAGA0AP000PGG0PP! NbNO!Kc[[K^!_! GPP00PAGP00000GAAPA0GG! NbLL!Kc[[K^!8! PG00P0G0000G0G0GAGGG00! NbLK!Kc[[Kf!_! 0PAPAP0PAPAGA0P0PA0P0P! NbLN!Kc[ONb!_! AAGAP0PAA0GGA0G0GAGAG! NbL[!Kc[a[f!_! A0PGAAPGG0GPGAAAGAGGAA! [L[L!Kc[a[f!8! 00G00GAAAPGGG00PGAP0G0! [L[K!
!! Ob!
Kc[aON!_! GG0G0GAAAGGAAPPA0GAGA! NbLO!Kc[aON!8! PPG0AA000P0PAGG0GAPPG! NbL^!Kc[cOO!_! AAGAGGAPPAG0PAPA00GAAP! NbLc!Kc[cfL!_! GA0G0PAG00PAGAAPGAP0GPGA! NbKL!Kc[cfL!8! GAAGGA00GGGGGAG0GAPGGAG! Nb[f!KcONON!_! 000G0000A0GPAAGPPPG0G0! [LN^!KcONfN!_! 00GAGAGAGG0PG0GAAAAPAG0! [LNa!KcONfb!_! AP0P0PPGAGA0P0PPA0PG0PA! [LNf!KcONfb!8! PAP0PPP0PAPGA0GG0APP0G00! [LNb!KcONfc!8! G0PP0GAAPP0GAGAGAAPGAPP0! [LNc!KcO^f^!_! 00P0PPAGPAPG0PA00P0PPP00! [L[N!KcO^f^!8! PGGAGGAA0PPPP0P0PP0PAA! OKb^!KcO^ff!_! 0GG0P0P0GGAP0PPAAAAGAGA! [LON!KcO^ff!8! GAGAGGGAAP0P0AAPPPPGAP0! [LO[!KcO^fb!_! 0PAAPAGGGA00PPG0PP0PAGA! [L[[!KcO^fb!8! APPPA0PPAGAAAAPPAG0PAPA! [L[O!KcOb[N!8! 00G0G0PGAGGAP0PAG0PPAP0A! [LOO!Kc^L^N!_! GGAAPPGGGAPPPP0AP0PGGAA! [L[b!Kc^L^N!8! A0PAG0GA0GGAGGGAGGGAGGGA! [L[c!Kc^Ncf!_! AAPG0PGGA000PAGGGGPAGAA! [LOb!Kc^[LO!8! GAAAP0P0P0GG00PGGAP0PPA! [LOL!Kc^[Lb!_! 00PGAPAPA0GAAPAPAPAG0GGA! [LOc!Kc^[Lb!8! PAGGPGGAG00AAG0PAA0PPPA! [L^L!Kc^Oac!8! GGGG0PP0000PPA0PGPGAAPA! [L^c!Kc^OfO!_! APPA0PP0PGGGGPAPPAA00GAGA! [L^K!Kc^OfO!8! AGG0PG0P0GAAGG00GG0P0G00! [L^N!Kc^Oca!_! A0A0GAAPAPPPG0G0PPAPPPA! [L^[!Kc^Oca!8! AA00PPPGAGPGGAGPGAA0PPPPA! [L^O!Kc^c[a!_! GAGA0PP00GAA0AGP0PGGPP0! [LaN!Kc^c[a!8! PGAAPAAPAPAAAPGG0PPAPA0! [La[!Kc^caO!_! PP0000P0GG00GAPP00P0GA! [L^^!Kc^caO!8! GAGAG0P0P0GAAGAAPPPPAPPP0! [L^a!Kc^cab!_! G0P0PGAG0PGP0PAPAA0PPPA0! [Laa!Kc^cab!8! 0GPPA0GGGA0PGAA0G0PG0P0! [Laf!Kc^cf^!_! GGPAGPG000PP0GAA000PPG0! [L^f!Kc^cf^!8! 0GGAPPPPAAPAGAAG00GAPA0! [L^b!KcaN[K!_! 00GAAPPG0G00GGGGAGG0PAA! [KbL!KcaN[K!8! PG00PP0P00000GGG0GA0! [^bL!Kca[[f!8! GPG00PGPPAAAPGAA0PPGAA! [Ob^!Kca^^O!_! AA00GPPG0000GAGPPGAP00! [Kfb!Kca^^O!8! PPAAAAA0GGAPGGGAPPGPA0! [Kfc!Kca^^b!_! 0PG0GA00P0PPPP0PAP0PA0! [Kfa!Kca^^b!8! AG0G0GAGGG000PPA0P0GAA! [Kff!Kca^aL!_! 00PPAPA0PAA0GPA0GGGG00! [Kf^!KcacKb_! PGAPAG0PGA0PAA0G0G0G00! [[af!KcacN^_! G0G0GAPAG00000PPAP0G00! [[ab!
!! Oc!
KcfNfL!8! GGA0G0PAPAAAAAPPPPGPA0! [KfO!KcfNfN!_! 0PP0G0G0GA0G00P0GAPGA0! [KfN!KcfNfN!8! GAAG0GGAPPA0PG00G0GG00! [Kf[!NLNK^K!_! AAGGPGAAGGGGA0AGGG0PA0! [^bK!NLNK^K!8! GGP0PAAPA0P00P00P0GG00! [^bN!NLNbOa8! APGAP0G0GAAAAPPGAAG0P0! [^fO!NL^bff_! AP0P0PAGA0PPA0PPPPG0A! [a[b!NL^bff8! P0PAPPAAAPPP0GGA0GAGAA! [a[f!NL^bbL!_! AAP0AGGGGAGA0GAPAPPPAA! OKba!NL^bbL8! G00GAAPP00GG0GAPPP0PAA! [a[c!NKKNLK:_! APPA0PPPP0GAAGGGAGAGAA! ONfL!Kc^bLN!_! GA00PAGGA0GGGGGP0G0PG00! [O[a!Kc^bLN!8! AAA0AGAAPG0PG0GGGAA! [O[f!KfcL[c!8! AGG00G000PPAAGG0PGA0G0! fcL!KbLNLa!_! AA0GGGAP000GAP0GGGPAA! ccO!KbabcO!_! 00GGA00PGGAGAGG0GAPA! N[ac!KbabcO!8! GAPGAGAAGAP0GAP0PG0GAP! N[fL!KcaN[O!_! 0PGGAGGAA0GAGGAAGPGGGAA! [ObO!Kcbc[N!_! A0PGGGPGA0PGGPAPPGAG0GGAA! [O[O!Kcbc[[!_! APAAPAAAAGP0P0PAPAPAPA0! [Oac!Kcbc[O!8! 0PG0GGG00P00GGG00P0GA0! [O[^!NLc^O^!_! GG0PGAA0PAAGPGAPGGAGAA! ONaa!NKKK^K!:_! G0P00GAPA0PPAG0GAG0G00! ONaf!NKKK^K!:8! P0PAAPAAP000PGGPPP0P00! ONab!NKKKcb!:_! GGGG000P0AP0GG0GGGGGA0! ONac!6D:_[! PPAGPAPGAG00GPP0GAP0GGA0! ONa!6D:8[! G00GPP0GAP00GPPAP0PAA! ONc!68uKi1j! AGAPAPAA0P0PPAGGAA0! [Lbc!68uNi1j! G0GGPPP0G0GAPPAPPAPAP0! [LcL!68uOi8j! AG0GGA00GAGPGAGAPGAA! [LcK!]u1[i1j! PPAPGPPA0GGP0PGPPG0P0PGAAP! [LcN!]u1Oi8j! 00GPGAPPPG00GGGA0GA0P0PGAG! [Lc[!
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*!45&41678&9& ::;:4<4<:::;44<:4<4& =>=?&
*!45&41678&5& 4<;4:<444::<::;<:4& =>==&
*!45&;@AB&9& ;444<::;::4<;;::;4<<:& =>=C&
*!45&;@AB&5& <4;<4<<4:4;;<<:<:;<<::& =>=D&
*!45&<$%$8D(&9& ;;:<;;;4::4::;;:<:<::& =>=E&
*!45&<$%$8D(&5& 4;<;:<4444;<4:<:4;:;:& =>=F&
*!45&'"G98&9& 4;<4:<:4<;<<4;4:<4;:;<:& =>=>&
*!45&'"G98&5& :;<<<4<44<:4;::4<<<4:& =>CH&
*!45&<@#8&9& 4<<4:<<:::::4;;4<:& =>C8&
*!45&<@#8&5& 4::<:4;4;;;44;44<4& =>CG&
*!45&#,/%I"#,&J?&9& ;4;44;:<:::;:::4;:<4& =>C?&
!! ^L!
*!45&#,/%I"#,&J?&5& <;<4;::;444<<:::;4;4<4& =>C=&
*!45&)AK88&9& ::;:4<:;:4:;:;<:;<4:& =>CC&
*!45&)AK88&5& ;;4;44;::<4::;:;;:<<4:& =>CD&
*!45&,JL78&9& 444;:<44;<:<:::;:;<<:& =>CE&
*!45&,JL78&5& ;4;;<4<<4<4<;44;:4<<:<44& =>CF&
*!45&;8JI7GH8&9& <::;:4<:4:::<:;;<:& =>C>&
*!45&;8JI7GH8&5& 44;:;<:<;4<:<:4<<<<44;4& =>DH&
*!45&9($F=J&9& 44;:::;;;::;<<4;;<<;;::& =>D8&
*!45&9($F=J&5& 4;4;;4;:4;::44;;;;;4;& =>DF&
*!45&;48D=C>EM8&9& 4;:;<<<44;::;;:;::;4;:;& =>DG&
*!45&;48D=C>EM8&5& 4<44<44;:<4;;:<4:<:;;:& =>D?&
*!45&;NHF>HGH&9& :::;;;4;;44;;<<:::<;;;& =>D=&
*!45&;NHF>HGH&5& ::<::4;<;:;<444;<;444& =>DC&
*!45&%:9!&9& :::4;4;;:4<::;:<;4;;4& =E=?&
*!45&%:9!&5& 4<:4<<:<4::44;<:;<;<;:& =E==&
*!45&-OP-&9& 444<;:<:4<:4;<:;::;:;4;4& ?HHD&
*!45&-OP-&5& 44;4;:;4;44;4;<4;;<<<4<<44& ?HHE&
*!45&!Q/8&9& 4<:;::<::;::;;:<<:444<<:& ?H8G&
*!45&!Q/8&5& ::44;44<4;;<4;::4;:<:<4& ?H8?&
*!45&.R%68&9& ;;:;;4:::;<44<:;44;<4<44& ?H8=&
*!45&.R%68&5& <::4;::<:;::;::<<<;;4<<;:4& ?H8C&
*!45&;NH=H8H=M8&9& <:::;;:<44<:;:<:;;<<;4;<:4& ?H8D&
*!45&;NH=H8H=&5& <:4;:<4;4<4;:4;;;<4<:<;;::& ?H8E&
*!45&:1R$-&9& :4;;<4;;;:::;<4;<4;;44;:& ?H8F&
*!45&:1R$-&5& <:;;<4<:<<<<4<4<:<<<:44;4<:& ?H8>&
*!45&:+10&9& 4<4<::<::44<<;44<:;<& 8?8E&
*!45&:+10&5& 4;:<<:<<:<4;44<<4;44<4& 8?8F&
*!45&!RSJ&9& <:<<:<44;4<444<;444<;:;<;4& G>HH&
*!45&!RSJ&5& 4;<<4<<;<4<<:4444<<44;:<:& G>H8&
*!45&L(-T&9& :4:<<;;4<4::4:<<<4;<4& GG=8&
*!45&L(-T&5& :4:4<4;::<4;;;<<4;:;4& GG=G&
*!45&5#JA1A$(L&5@L@8&79& 44<::4<<:<<<:44;;::& 7&
*!45&5#JA1A$(L&5@L@8&75& :4;:<::;<::;:4;:4;4& 7&
*!45&5#JA1A$(L&5@1GH&79& 44<:;4<4;44:4<:<<4:& 7&
*!45&5#JA1A$(L&5@1GH&75& 4:<4<<<44::<;<4<<<;;;<:4& 7&
*!45&N"/8F&79& ;:;<:;4;44;;4;<4;4;;::& =GCF&
*!45&N"/8F&75& <44;:;44<<::;4<<44<4& =GC>&
*!45&U#$%,/#,&79& ;:4:<::4<:44;;:;;4& =GDH&
*!45&U#$%,/#,&75& :44<4;:;:;::<4;:4;;;4& =GD8&
*!45&B7-(RS%"#,V4RS8W&9& ;<44<4:444<:4<:;<<4& =GDG&
*!45&&B7-(RS%"#,V4RS8W&5& 4<4<<<:;44;44:<<4<44& =GD?&
*!45&<X#1/8&79& ;:4<;4:44<<4<44:<4<:& =GD=&
*!45&<X#1/8&75& <<4<44<<4<4<::;;;4;;<:;4& =GDC&
Y#68(,2O+12*!4529& :<:<;4;:<:44;:4;444;<;;:& GG?>&
Y#68(,2O+12*!4525& <;;<<<44<444<:<<::;44<<:& GG=H&
!! ^K!
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S?E?E?T?E?R!C)JII,&5'%!O14!*(5!B.99'$3H!
)/%@& !458& <%$@V\4W& <#$%V1W& !45G& <%$@V\4W& <#$%V1W&
8& .%,(/+"(/#A,& >C& 8FH& .%,(/+"(/#A,& >C& G=H&
G& .%,(/+"(/#A,& >=& GH& .%,(/+"(/#A,& >=& GH&
?& ;,,%(L#,I& D?& DH& ;,,%(L#,I& D?& =C&
=& BLA,I(/#A,& EG& 8FH& BLA,I(/#A,& EG& 8FH&
C& IA<A& G& 8HK& .%,(/+"(/#A,& >=& GH&
D& .%,(/+"(/#A,& >=& ?H& ;,,%(L#,I& D?& =C&
E& ;,,%(L#,I& ?C& DH& BLA,I(/#A,& EG& 8FH&
F& 5;O!& /A&EG& HM?\4]1& .%,(/+"(/#A,& >=& GH&
>& BLA,I(/#A,& EG& 8FH& ;,,%(L#,I& C?& =C&
8H& .%,(/+"(/#A,& >=& GH& BLA,I(/#A,& EG& 8FH&
88& ;,,%(L#,I& D?& =C& IA<A& G& >K&
8G& BLA,I(/#A,& EG& 8FH& .%,(/+"(/#A,& >=& GH&
8?& .%,(/+"(/#A,& >=& GH& ;,,%(L#,I& D?& =C&
8=& ;,,%(L#,I& D?& =C& BLA,I(/#A,& EG& 8FH&
8C& BLA,I(/#A,& EG& 8FH& .%,(/+"(/#A,& >=& GH&
8D& .%,(/+"(/#A,& >=& GH& ;,,%(L#,I& C?& =C&
8E& ;,,%(L#,I& ==& DH& BLA,I(/#A,& EG& 8FH&
8F& BLA,I(/#A,& EG& 8FH& IA<A& 8G& FK&
8>& IA<A& 8H& 8CK&
6#,(L&
%K/%,1#A,& EG& =GH&
GH&
6#,(L&
%K/%,1#A,& EG& =GH& && B'.& &&
&& && B'.& && && && &&!
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!! KcL!
1#?+&%[O! 1P06!P*(3=$#$!)4!>%-(')9)#%'#2!_#*%(?%!#*!D)*%!7(&&)e!#*!.%3iKO:Kfj!1#?+&%[^! 8%?+3(')&=! $%*$)&! (2'#<#'=! #*! '/%! !"#$!%&'()* 43(*H#*?! 3)2+$! #*! '/%!/%-(')9)#%'#2!2%33$!1#?+&%[a! 8%(3:G#-%!hB08!)*!'/%!!"#$!%&'()*43(*H#*?!3)2+$!1#?+&%[f! 0/dB!4)&!%*/(*2%&!-(&H$!#*!_6U!(*.!_6:U!2%33$J!!1#?+&%[b! G/%!(*(3=$#$!)4!'/%!.+93#2('#)*!#*!'/%!!"#$!%&'()*43(*H#*?!3)2+$!1#?+&%[c! G/%! #*43+%*2%! )4! ?%*)-#2! 2)*'%I'! )*! %*/(*2%&:9&)-)'%&!2)--+*#2('#)*!1#?+&%OL! d*<%&$#)*!#*!'/%!!"#$!%&'()*43(*H#*?!3)2+$!1#?+&%OK! d-9&#*'#*?!#*!'/%!!"#$!%&'()*43(*H#*?!3)2+$!1#?+&%ON! 8%?+3(')&=!_(*.$2(9%!#*!'/%!-('%&*(3!(33%3%J!!1#?+&%O[! P33%3%!69%2#4#2!8%(3:G#-%!hB08!)*!.%3ib(:Kf(j!%KKE^!4(2%!$(-93%$!1#?+&%OO! G%3)-%&#2!%*.!)4!'/%!!"#$!%&'()*43(*H#*?!#*'%&<(3J!!1#?+&%O^! P33%3%!69%2#4#2!7%'/=3('#)*!(*.!0G01!`22+9(*2=J!1#?+&%Oa! >%-(')9)#%'#2!_#*%(?%!8%?+3('#)*!,=!!"#$!*.)e*&%?+3('#)*!1#?+&%Of! 7).%!)4!P2'#)*!)4!!"#$!*#*!'/%!>%-(')9)#%'#2!_#*%(?%!
!
!!b?E!M')&!G*!<.=6,)!G(,3%KJ!69)&(.#2!03%4'!_#9!(*.M)&!B(3('%!0($%$!G(,3%NJ!7('%&*(3!(?%!(*.!'/%!03%4'!_#9!B(3('%!`22+&&%*2%$!!
!!b?R!M')&!(*!C==5,V'.&'($)!
(NH4)2SO4 Ammonium sulfate 
# Number 
% Percent 
°C Degree celsius 
< Inferior 
> Superior 
! Infinity 
3C 
Chromosome 
Conformation Capture 
3D Three dimensions 
4C Circularized 3C 
HS Hypersensitive Site 
5C 3C Carbon Copy 
6-AN 6-aminonicotinamide 
ac Acetylation 
AML Acute myeloid leukemia 
APC 
Anaphase promoting 
complex 
AR Androgen receptor 
ATP Adenosine triphosphate 
ba Branchial arch 
BAC Bacterial artificial 
chromosome 
BCIP 
5-Bromo-4-chloro-3-
indolyl phosphate 
BCL B-cell lymphoma 
BM Bone marrow 
BMP 
Bone morphogenetic 
protein 
bp Base pair 
BRCA Breast cancer 
BRE 
TFIIB recognition 
element 
BSA Bovine serum albumin 
C/EBP 
CCAAT-enhancer 
binding protein 
CaCl2 Calcium chloride 
cAMP 
cyclic adenosine 
monophosphate 
CC3 Cleaved caspase3 
CD1 Outbred Mouse Line 
CdLS 
Cornelia de lange 
syndrome 
Cen_Ins Centromeric insertion 
CEU Caucasian european 
!! KcK!
population 
ChIA-PET 
Chromatin interaction 
analysis by paired-end 
tag sequencing 
ChIP 
Chromatine 
immunoprecipitation 
ChIPseq ChIP sequencing 
cHLHLZ 
Helix loop helix leucine 
zipper 
chr Chromosome 
ChromHMM 
Chromatin state 
discovery and 
characterization 
software or modeling 
approach 
CLP Cleft lip and palate 
CLyP 
Common lymphoid 
progenitor 
cm Centimeter 
CMPs 
Common Myeloid 
Progenitor 
CO2 Carbon dioxide 
Conc Concentration 
CpG 
Cytosine phosphodiester 
bond guanine 
CTCF CCCTC-binding factor 
CTD C-Terminal domain 
CTF/NF-1 
CCAAT box-binding 
transcription 
factor/nuclear factor 
d Diencephalon 
DamID 
DNA adenine 
methyltransferase 
identification 
DAPI 
4',6'-diamidino-2-
phenylindole 
DCE 
Downstream core 
element 
Ddef1 
Development and 
differentiation 
enhancing factor 1 
DEL Deletion 
del(8a-17a) 
Deletion of the (8a-
17a)interval 
dH2O distilled water 
DIG Digoxigenin 
DIG-AP DIG antibody product 
DKFZ 
Deutsches 
Krebsforschungszentru
m 
DMEM 
Dulbecco's Modified 
Eagle Medium 
DMSO Dimethyl sulfoxide 
dmyc drosphila myc 
DNA DeoxyriboNucleic Acid 
DNA-FISH 
DNA fluorescent in situ 
hybridization 
Dnase Deoxyribonuclease 
dnBmpr1A 
Dominant negative 
Bmpr1A 
dNTP 
Desoxyribonucleotid 
triphosphate 
DPE 
Downstream promoter 
element 
Dup Duplication 
DV Dorsal ventral 
E-box Enhancer box 
E.Coli Escherichia Coli 
e Embryonic day 
ECL 
Enhanced 
chemiluminescence 
EDTA 
Ethylenediaminetetraace
tic acid 
EGTA 
Ethylene glycol 
tetraacetic acid 
EMBL 
European Molecular 
Biology Laboratory 
eMFM 
enhancer for Medial 
Facial Mesenchyme 
ENCODE 
Encyclopedia of DNA 
elements 
eNE 
enhancer for Nasal Pit 
Epithelia 
EP300 
E1A-associated cellular 
p300 
eRNA 
enhancer-associated 
RNA 
ESC Embryonic stem cell 
f Face 
FACS 
Fluorescence activated 
cell sorting 
FAIRE-seq 
Formaldehyde-assisted 
isolation of regulatory 
elements sequencing 
FCS Fetal calf serum 
FDG 
Fluorescein Di-"-D-
Galactopyranoside 
FDR False discovery rate 
FIJI Fiji is just imageJ 
FSC Forward scatter 
ftz Fushi tarazu 
g Gram 
G0 Resting phase 
G1 Gap1 phase 
!! KcN!
Gal4-UAS 
Gal4-upstream 
activation sequence 
GC box Guanine cytosine box 
GFP 
Green fluorescent 
protein 
GMP 
Granulocyte-
macrophage progenitor 
GO Gene ontology 
GRN 
Gene regulatory 
network 
GROMIT 
Genome regulatory 
organization mapping by 
inserted transposon 
GTFs 
General transcription 
factor 
GWAS 
Genome wide 
association studies 
H2A Histone 2A 
H2A.Z H2A family, memberZ 
H2O2 Hydrogen peroxide 
H3 Histone 3 
H4 Histone 4 
HEK293T 
Human embryonic 
kidney 293T 
HeLa cell Henrietta Lacks cell 
HEPES 
2-[4-(2-
hydroxyethyl)piperazin-
1-yl]ethanesulfonic acid 
het Heterozygous 
HMR Hybrid male rescue 
hom Homozygous 
HP 
Heterochromatine 
protein 
HPE Holoprosencephaly 
Hprt 
Hypoxanthine 
phosphoribosyltransfera
se 
HPV Human papilloma virus 
HRP Horseradish peroxidase 
HS Hypersensitivity site 
HSC Hematopoietic stem cell 
Hsp Heat shock protein 
HSy Hematopoietic system 
ICR 
Imprinting control 
region 
ID Identity 
IFN Interferon 
Ig Immunoglobulin 
Igf 
Insulin-like growth 
factor 
IL Interleukine 
ILR Interleukine Receptor 
Inr Initiator 
Ins Insertion 
INV Inversion 
IPTG 
Isopropyl "-D-1-
thiogalactopyranoside 
K Lysine 
K3Fe3(CN)6 Potassium ferricyanide 
K4Fe2(CN)6 potassium ferrocyanide 
kb Kilobase 
KCl Potassium chloride 
KOH Potassium hydroxide 
L (primer) Left primer 
L Liver 
lacI Lac repressor 
LAD 
Lamina associated 
domain 
LCR Locus control region 
LD Linkage disequilibrium 
LFM 
Lateral face 
mesenchyme 
lincRNA 
Long intergenic non-
coding RNA 
Lin Lineage 
LINE 
Long interspersed 
nuclear element 
lncRNA Long non-coding RNA 
lnp Lateral nasal process 
log logarithm 
Lrp6 
Low density lipoprotein 
receptor-related protein 
6 
LS-K 
LS minus K (Lin- Sca-1- 
c-Kit+) 
LSK Lin- Sca-1+ c-Kit+ 
LT-HSC Long-term HSC 
LTR Long terminal repeat 
M Molar 
MAFB 
Musculoaponeurotic 
fibrosarcoma oncogene 
homolog B 
MAR 
Matrix attachment 
region 
mb Megabase 
md Mandibular 
me Monomethylation 
me2 Dimethylation 
me3 Trimethylation 
MEF 
Mouse embryonic 
fiblroblast 
MEP Megakaryocyte-
!! Kc[!
erythrocyte progenitor 
mESC mouse ESC 
MFM 
Medial facial 
mesenchyme 
MgCl2 Magnesium chloride 
Micro-Ct 
Micro computed 
tomography 
min Minute 
ml Milliliter 
mM Milimolar 
mm Millimiter 
Mnp Medial nasal process 
mod Modifier 
MPP1 Short term HSC 
MPP2/3/4 Multipotent progenitor 
mRNA messenger RNA 
MTE Motif ten element 
mx Maxillary arch 
Myf Myosine factor 
NaAc Sodium acetate 
NaCl Sodium chloride 
NBT 
Nitro blue tetrazolium 
chloride 
NCC Neural crest cell 
Ndn Necdin-encoding 
NE Nasal pit epithelial 
ng Nanogram 
nm Nanometer 
no Number 
np Nasal pit 
NP40 
Nonyl 
phenoxypolyethoxyletha
nol 
NSCLP 
Non-syndromic cleft lip 
and palate 
NTMT 
Alkaline phosphatase 
buffer 
NTP Nucleotide triphosphate 
O/N Overnight 
OPT 
Optical projection 
tomography 
OPTI-MEM Reduced-serum medium 
p p-value 
p arm Short chromosome arm 
p27KIP1 
Cyclin-dependent kinase 
inhibitor 1B 
pA Poly adenosine tail 
Pabc1 
Aminodeoxychorismate 
lyase 
Pax Paired box 
PBS Phosphate buffered 
saline 
PBS-T PBS-tween20 
Pc-G Polycomb-group 
PCR 
Polymerase chain 
reaction 
PFA Paraformaldehyde 
pH Potential hydrogen 
PH3 Phospho histone3 
PIC Pre-initiation complex 
PK Proteinase K 
PLM 
Proximal limb 
mesoderm 
PMSF 
Phenylmethylsulfonyl 
fluoride 
PRC 
Polycomb repressor 
complex 
PRE 
Polycomb response 
element 
PSQ 
Penicillin Streptomycine 
glutamine 
PVDF Polyvinylidene difluoride 
q arm Long chromosome arm 
qPCR quantative PCR 
qRT quantitative real-time 
R (primer) Right primer 
RD Regulatory domain 
rDNA Ribosomal RNA 
RIPA 
Radio 
immunoprecipitation 
assay 
rl Rhombic lip 
RNA Ribonucleic acid 
RNAPII RNA polymerase II 
Rnase Ribonuclease 
RNAseq RNA sequencing 
rpm Round per minute 
rpmk 
reads per kilobase per 
million mapped reads 
rtTA 
reverse tetracycline-
controlled transactivator 
sec or s Second 
s Somite 
S.cerevisiae 
Saccharomyces 
cerevisiae 
S2 cell 
Drosophila Schneider 2 
cell 
SB 
Sleeping beauty 
transposon 
SDS Sodium dodecyl sulfate 
SDS-PAGE 
SDS - polyacrylamide 
gel electrophoresis 
!! KcO!
SHFM 
Split hand foot 
malformation 
Shh Sonic hedgehog 
SINE 
Short interspersed 
nuclear element 
siRNA small interfering RNA 
Slam 
Signaling lymphocyte 
activation molecule 
SNP 
Single nucleotide 
polymorphism 
SSC Saline-sodium citrate 
STARR-seq 
Self-transcribing active 
regulatory region-
sequencing 
Su(Hw) 
Suppressor of hairy-
wing 
SV40 Simian virus 40 
t Telencephalon 
T cell Lymphocyte T 
t(8:14) 
Translocation between 
chr8 and chr14 
TAD 
Topologically associated 
doamin 
TAMERE 
Targeted meiotic 
recombination 
TBST 
Tris-buffered saline 
tween20 
TCDD 
2,3,7,8-
tetrachlorodibenzo-p-
dioxin  
Tel_Ins Telomeric insertion 
TF Transcription factor 
TFBS 
Transcription factor 
binding site 
TFF Trefoil factor 
TRACER 
Transposase and 
recombinase-associated 
chromosomal 
engineering resource 
TRIS 
Tris(hydroxymethyl)ami
nomethane 
tRNA transferase RNA 
TSS Transciption starting site 
UCSC 
University of California, 
Santa Cruz 
USA 
United States of 
America 
UV light Ultraviolet 
v2.0 version 2.0 
wS Widespread 
wt Wild-type 
YAC 
Yeast artificial 
chromosome 
ZRS 
Zone of polarizing 
activity regulatory 
sequence 
#l Microliter 
#M Micromolar 
!
!!b?S!@#996,I,$&.5J!<.=6,)!
@#996,I,$&.5J!<.=6,!>H!4,*,5,$%,!M')&!*(5!L\C@!'$!bXES!
SNP Position )'!&,A& !O3.& SNP Position )'!&,A& !O3.&
chr8  12733265 "188>FDH88& &G??GDC8E&& -S"F&&8GFCH==>& "18EEDDG8E& GGH=8=CF&
chr8  12733265 "188>FDH88& &G??GDC8E&& -S"F&&8GFC8ECE& "1=G=G?FG&& 8FGD=H>D&
chr8  12790200 "1=FE8ECH&& &G?GC8DD8&& -S"F&&8GFC8FCC& "1=G=G?F=&& G8E=?HCE&
chr8  12791159 "1GGGH?G8&& &G?GC8DD8&& -S"F&&8GFC8FCC& "1=G=G?F=&& 8>EDEEC?&
chr8  12809329 "18H8D?=?&& &G8E=?HCE&& -S"F&&8GFC8FCC& "1=G=G?F=&& 8FGD=H>E&
chr8  12809329 "18H8D?=?&& &8FGD=H>E&& -S"F&&8GFC?G8?& "18HH>H8C=& GG>G?HGD&
chr8  12809515 "18?GCGG>F& &G8E=?HCE&& -S"F&&8GFC?>?C& "1EF?EDFF&& GHDEDH>F&
chr8  12810393 "18=CD?8C&& &G?HG??G>&& -S"F&&8GFE8FHD& "1>D=GFFH&& GH>EG=?F&
chr8  12810393 "18=CD?8C&& &GHDEDH>F&& -S"F&&8GFE8FHD& "1>D=GFFH&& GH?=F>CD&
chr8  12810434 "18?GC=E?F& &GG>G?HGD&& -S"F&&8GFE8FHD& "1>D=GFFH&& 8FE>=FCC&
chr8  12810687 "1D>F?CD8&& &GG>G?HGD&& -S"F&&8GFF8CHG& "1==8HFE8&& G8F??HFF&
chr8  12812491 "18D>H8>E>& &8>EDEEC=&& -S"F&&8G>HEG8D& "1GD=FFEC&& 8E?>CE=?&
chr8  12812491 "18D>H8>E>& &8E=H8?DD&& -S"F&&8G>HECF?& "1GDHFHC?&& G8H?ECDF&
!! Kc^!
chr8  12812519 "18HCHC=F?& &GG>G?HGD&& -S"F&&8G>8>GGE& "1GH8>>DH&& G8F??HFF&
chr8  12819298 "1G=CD==>&& &GHHDGHD=&& -S"F&&8G>8>GGE& "1GH8>>DH&& G8H?ECDF&
chr8  12832034 "18D>HGH>=& &8>EDEEC=&& -S"F&&8G>GGHHE& "188>>CFC=& G?GC8DD8&
chr8  12832318 "1==C88=&&& &G8E=?HCE&& -S"F&&8G>G=D=8& "18H=>GG>=& GHD>=H88&
chr8  12832318 "1==C88=&&& &8>EDEEC=&& -S"F&&8G>GD=CF& "1>E>GGD>&& GH8>HECG&
chr8  12835561 "18?GF8D8C& &8ECG>>DE&& -S"F&&8G>?8DH8& "1>ECE?H&&& G8?F?>DE&
chr8  12838785 "18CDG=?H&& &G8GD?8?H&& -S"F&&8G>=GEC8& "1EF8C>==&& G?H=G88=&
chr8  12838785 "18CDG=?H&& &GH=C?F?F&& -S"F&&8G>C=?>=& "18HHFFG8F& G?C?CE?H&
chr8  12840744 "18HCHC=EE& &8ED8FGF?&& -S"F&&8G>C=?>=& "18HHFFG8F& G?C?CE?H&
chr8  12841330 "1D>F?GDE&& &G?GDDCCD&& -S"F&&8G>C=?>=& "18HHFFG8F& GHFCGD?G&
chr8  12841330 "1D>F?GDE&& &G8E=?HCE&& -S"F&&8G>CDE8F& "1DDC8GCG&& G?8GFG??&
chr8  12841330 "1D>F?GDE&& &G8G=GGDH&& -S"F&&8G>CDE8F& "1DDC8GCG&& G88HG=D?&
chr8  12841330 "1D>F?GDE&& &8F?EG>HC&& -S"F&&8G>>=D8C& "1>FECGC&&& GGFD?E?=&
chr8  12841330 "1D>F?GDE&& &8FGD=H>E&& -S"F&&8G>>=D8C& "1>FECGC&&& GGFD?E?=&
chr8  12841330 "1D>F?GDE&& &8FGD=H>D&& -S"F&&8G>>=D8C& "1>FECGC&&& GGFD?E?=&
chr8  12841330 "1D>F?GDE&& &8ED8FGF=&& -S"F&&8G>>=D8C& "1>FECGC&&& GH=?D=D>&
chr8  12841330 "1D>F?GDE&& &8E=H8?D?&& -S"F&&8G>>=D8C& "1>FECGC&&& 8>DCDCG=&
chr8  12842479 "1EH8=?=D&& &8F?EG>H8&& -S"F&&8G>>=D8C& "1>FECGC&&& 8>GEHEHE&
chr8  12848503 "18==EG>C&& &8>EDEEC=&& -S"F&&8?H=>8EC& "1F>8F?C&&& 8>CEF?DE&
chr8  12848503 "18==EG>C&& &8E=H8?DD&& -S"F&&8?HCEG8H& "18H>CD=F?& G8E?F=EF&
chr8  12848503 "18==EG>C&& &8E=H8?D?&& -S"F&&8?HDG=8H& "18>>8FDD&& G?8GFG??&
 
&
&& -S"F&&8?HDEDD?& "1>>8FFHE&& G??>?CCC&
 
&
&& -S"F&&8?HDFC=C& "1=G>CDGE&& G8C?8E>8&
 
&
&& -S"F&&8?HDFC=C& "1=G>CDGE&& 8>CEF?DE&
 
&
&& -S"F&&8?HEGCDD& "1D=EHED=&& GHFF8>DH&
 
&
&& -S"F&&8?HFGHH?& "1G8GF?FG&& G?GDDCCD&
 
&
&& -S"F&&8?H>FH=E& "18HH>GDCF& 8F=D=>8?&
 
&
&& -S"F&&8?8H>G=8& "1D>F=H=C&& 8>CGC>CC&
 & & & & &!
!
!
!
!
!
!
!
!
!
!! Kca!
@#996,I,$&.5J!<.=6,EH!A`! '%&-! %*&#2/-%*'! (*(3=$#$! )4! '/%! /#?/3=! %I9&%$$%.! i&9-H{KLLj! .#44%&%*'#(33=!&%?+3('%.! ?%*%! +9)*! .%3ib(:Kf(jJ! u%33)e! /#?/3#?/'! #*.#2('%$! '&(*$3('#)*! &%3('%.!'%&-$@! &%.! /#?/3#?/'! #*.#2('%! /%-(')9)#%'#2! $=$'%-! &%3('%.! '%&-$@! (*.! '/%! 9+&93%!/#?/3#?/'!#*.#2('%$!-%'(,)3#$-!&%3('%.!'%&-$E!!!
!"#$%&'# (%)*&+,$+-.# !7Q(L+%&
:a[HHHD=8G& /"(,1L(/#A,& 8MH?B7HD&
:a[HH?=8H>& SA$A/P@#-&-%LL7-%LL&(RS%1#A,& CM?EB7HC&
:a[HHHD>8>&
(-/#Q(/#A,&A6&-P1/%#,%7/P@%&
%,RA@%@/#R(1%&(-/#Q#/P&#,QALQ%R&#,&
(@A@/A/#-&@"A-%11&
8MD=B7H=&
:a[HH>EGHG&
(-/#Q(/#A,&A6&-P1/%#,%7/P@%&
%,RA@%@/#R(1%&(-/#Q#/P& 8MD=B7H=&
:a[HH?8??8&
@A1#/#Q%&"%I+L(/#A,&A6&-%LL+L("&
-(/(JAL#-&@"A-%11& 8MFDB7H=&
:a[HHC8G=D&
"%I+L(/#A,&A6&@"A/%#,&$%/(JAL#-&
@"A-%11& GM=HB7H=&
:a[HHC8G=E&
@A1#/#Q%&"%I+L(/#A,&A6&@"A/%#,&
$%/(JAL#-&@"A-%11& GM>?B7H=&
:a[HHE8?=C&
-%LL+L("&"%1@A,1%&/A&-P/Ab#,%&
1/#$+L+1& ?MG>B7H=&
:a[HHEHCGE& @L(/%L%/&(II"%I(/#A,& ?M?EB7H=&
:a[HHHGED8&
"%I+L(/#A,&A6&$P%LA#R&L%+bA-P/%&
R#66%"%,/#(/#A,& ?MDDB7H=&
:a[HH8>GG8&
-P/Ab#,%7$%R#(/%R&1#I,(L#,I&
@(/SX(P& =M8=B7H=&
:a[HHHD=8E& "%I+L(/#A,&A6&/"(,1L(/#A,& CMGDB7H=&
:a[HHH>F>D&
@A1#/#Q%&"%I+L(/#A,&A6&-(/(JAL#-&
@"A-%11& DM?CB7H=&
:a[HH=HH8G& "%I+L(/#A,&A6&LA-A$A/#A,& DMDCB7H=&
:a[HH=?=HE&
,%I(/#Q%&"%I+L(/#A,&A6&O;!&b#,(1%&
(-/#Q#/P& EMC?B7H=&
:a[HH==GDE& -%LL+L("&@"A/%#,&$%/(JAL#-&@"A-%11& EMEHB7H=&
:a[HH?=H>E& "%1@A,1%&/A&-P/Ab#,%&1/#$+L+1& FMH8B7H=&
:a[HH>HHDD&
"%I+L(/#A,&A6&(,(/A$#-(L&1/"+-/+"%&
1#c%& >M>DB7H=&!
!
!! Kcf!
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Abstract
Background: Mammalian genes are regulated through the action of multiple regulatory elements, often distributed
across large regions. The mechanisms that control the integration of these diverse inputs into specific gene
expression patterns are still poorly understood. New approaches enabling the dissection of these mechanisms
in vivo are needed.
Results: Here, we describe TRACER (http://tracerdatabase.embl.de), a resource that centralizes information from a
large on-going functional exploration of the mouse genome with different transposon-associated regulatory
sensors. Hundreds of insertions have been mapped to specific genomic positions, and their corresponding
regulatory potential has been documented by analysis of the expression of the reporter sensor gene in mouse
embryos. The data can be easily accessed and provides information on the regulatory activities present in a large
number of genomic regions, notably in gene-poor intervals that have been associated with human diseases.
Conclusions: TRACER data enables comparisons with the expression pattern of neighbouring genes, activity of
surrounding regulatory elements or with other genomic features, revealing the underlying regulatory architecture
of these loci. TRACER mouse lines can also be requested for in vivo transposition and chromosomal engineering, to
analyse further regions of interest.
Keywords: Gene regulation and expression, Genome organisation, Regulatory landscapes, Chromosomal
engineering, Mouse models of human structural variation
Background
Genes occupy only a small fraction of mammalian ge-
nomes. Accordingly, intergenic regions can extend up to
several megabases, and the functional importance of
these regions is being growingly recognized [1] (Figure 1).
Notably, these regions comprise important elements that
control gene expression [3]. Enhancer elements are
frequently found hundreds of kilobases away from the
promoter of the gene they control, sometimes even sepa-
rated from it by unrelated genes [4-11]. These remote
enhancers can be essential for gene expression, as shown
by human disorders resulting from their mutation or
disruption by chromosomal rearrangements [12-16]. The
importance of these intergenic regions in human pheno-
typic diversity and disease susceptibility is further em-
phasized by the significant proportion of risk alleles that
have been identified in gene-desert intervals [3,17-20].
Thus, there is a pressing need to better characterize the
nature of the regulatory activities embedded in such
regions and to obtain animal models to help dissect
in vivo how variations in these regions contribute to
human phenotypes.
Recent progress in whole genome chromatin profiling
has led to the identification of chromatin features that
are strongly correlated with gene regulatory elements
[21-26], opening ways to obtain a comprehensive cata-
logue of these elements, and a better annotation of the
regulatory genome [27]. Databases that document the
in vivo activities of experimentally validated regulatory
elements – mostly enhancers – further complement
these approaches [28]. Such datasets on regulatory
activity can be compared to gene expression data in
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developing mouse embryos [29-35]. However one can-
not reduce gene expression to a catalogue of the many
potential regulatory elements present in the genome
(from few hundred thousands to millions [22]). It is
equally important to understand the interplay between
the different elements present at a locus and how their
different inputs are integrated and conveyed to target
gene(s). Yet, compared to enhancers, other cis-regulatory
elements such as silencers are much more elusive, des-
pite their essential role in gene expression. Similarly im-
portant are the mechanisms that define the range and
specificity of enhancer-promoter interactions. Indeed,
changes in the relative position of genes and regulatory
elements by chromosomal rearrangements and struc-
tural variations can alter gene expression with dramatic
consequences [36-40]. Understanding these situations
and the associated mechanisms requires approaches that
complement the available catalogues of elements and
provide a functional integrated view of the genome regu-
latory architecture.
For this purpose, we have developed an approach
based on the distribution of a regulatory sensor gene
throughout the mouse genome [2] (Figure 1B). The
regulatory sensor consists of a LacZ reporter gene,
which is driven by a minimal promoter that has no spe-
cific activity on its own but responds faithfully to en-
dogenous enhancers. This regulatory sensor therefore
uncovers the regulatory potential associated with a given
genomic position, which results from the collective
action of the different regulatory elements that act on
this position. It thus reveals, in an operational manner,
the gene regulatory activities within poorly characterized
regions, or where annotation for activity is indirect
(eg. chromatin profiling) or out of the proper genomic
context (eg. transgenic assays). Importantly, the minimal
promoter used does not display any obvious tissue- or
Figure 1 Genome organisation and TRACER. (A) Schematic representation of a genomic locus, with the different elements that control gene
expression, and the specialized databases dedicated to their description (see Websites). The TRACER database displays information from a
regulatory sensor that detects the regulatory influences active at its insertion site, outlining the characteristics and extent of genomic regulatory
landscapes. (B) The GROMIT strategy. A transposon that contains the regulatory sensor can be remobilised in vivo from its start site by a
transposase transgene (not shown) active only in the male germline [2]. The genomic position of the new insertions and the associated
expression pattern defined by LacZ staining in mouse embryos is displayed in the TRACER database.
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enhancer-type bias, and the observed expression patterns
often overlap with the ones of neighbouring genes [2].
The basic principle of the strategy is analogous to an
enhancer-trap [41]; however, the sensor used in our ap-
proach has minimal impact on endogenous gene expres-
sion [2] and therefore reveals regulatory activities without
titrating them away from their natural target genes.
This regulatory sensor is carried in a Sleeping Beauty
transposon, which can be distributed randomly in the
mouse genome, by remobilisation in the male germline
[2]. Owing to the efficiency of this in vivo transposition sys-
tem, we have recovered, identified and characterized a large
number of insertions that provide a direct view of the regu-
latory activities associated with specific genomic regions.
Furthermore, as the transposons used also carry a loxP site,
the different lines can be used for in vivo chromosomal en-
gineering, to generate mice with targeted deletions or dupli-
cations, or segmental aneuploidies [2,42-44]. The local
hopping behaviour of Sleeping Beauty makes each line a
potential starting point to scan a region of interest [45]:
with our germline-specific transposase transgene, the
remobilization rate ranges from 10 to 45%, depending on
the starting site, and more than 15% of new insertions are
within 1 Mb of the starting point. Thus, a research group
with access to a limited number of cages can nonetheless
set up a regional screen for its region of interest.
To provide a simple and useful access to the expres-
sion patterns and the mouse insertion strains generated
with this on-going project, we have designed the
Transposon- and Recombinase-Associated Chromo-
somal Engineering Resource (TRACER) database. This
new database is freely accessible at http://tracerdatabase.
embl.de/. It constitutes a substantial improvement over
the previous one that was established to display the data
from a limited pilot screen [2]. The new database com-
prises novel features that allow users to browse and per-
form refined searches of insertion sites by position and/
or expression patterns. The dataset is also now much
larger (4-fold increase, with about 1500 insertions in July
2012), and is growing steadily. This web-based database
not only provides information on regulatory activities
present along the mouse genome but also gives access to
a large collection of mice for engineering chromosomal
rearrangements in non-genic intervals.
Construction and content
Dataset
In July 2012, the TRACER database contained informa-
tion on 1467 insertions, 643 of which had been charac-
terized for expression in mouse embryos (mostly at
stage E11.5). Specific expression patterns were reported
for 344 insertions, documented and annotated by 852
pictures. The dataset is updated regularly, with new in-
sertions and new expression data. Most insertions were
obtained with SB9 or SB8 transposons, which contain
the regulatory sensor and a loxP site cloned in one or
the other orientation in the Sleeping Beauty transposon.
Newer versions of the transposon with additional fea-
tures have been developed (Figure 2) and will be intro-
duced in the database when mice with such insertions
will be available.
Methodology and population of database
All our data is stored on a MySQL 5.5.15 RDBMS
community server (GPL). Server side programming lan-
guages are PHP and PERL CGI. CSS and the javascript
framework jQuery render the client data display and
graphical user interfaces.
As well as the external user interfaces described below,
the TRACER database has internal interfaces restricted
to contributing members and requiring login for authen-
tication. These internal interfaces have all the LIMS (la-
boratory information management system) components
Figure 2 The different transposons used in TRACER. Within the
left and right inverted/direct repeats of the SB transposon (black
double arrows) different cargoes have been cloned that can be
utilised for various purposes. Most lines contain an insertion of either
the SB9 or SB8 transposon, comprising a LacZ reporter gene with a
SV40 polyA sequence (blue rectangle), driven by a synthetic
promoter composed of 50 bp of the human beta-globin promoter
(black box with β), and a loxP site (red triangle). Newer transposons
with additional features have been constructed, and mice with these
transposons are being produced. Additional modules comprise sites
for the PhiC31 integrase (attB), and the I-Sce1 meganuclease, which
open possibilities to use the transposon as a docking site for
incoming cassettes [46-48]. TetO binding sites can be used to recruit
fusion proteins [49]. SBIL contains an insulator/enhancer-blocker
element (Ins, orange block, from the chicken HSS4 element [50])
flanked by loxP and lox2272 (white triangle with red contour).
Cre-mediated recombination can transform this transposon into
different derivatives (SBL or SB2lox), depending on which lox sites
are used.
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required for uploading data, curation of lines and vari-
ous administration purposes.
The main internal interface allows lab staff to add all
the text annotation, and insert sequence and image files
associated with a particular TRACER line. There is also
a batch upload interface for multiple insert sequences.
The backend code automatically cuts the sequence down
to just the insert, verifies the mutagen tag is present and
the genomic sequence starts with ‘TA’. The batch se-
quence submission tool is automatically coupled to the
UCSC BLAT service with standard parameters (http://
genome.ucsc.edu/) to determine the best alignment and
genomic location for each insert. When there are mul-
tiple good alignments, user intervention is possible to
select the best genomic location. An input form is then
populated for the aligned sequence along with any
existing data for the line. A similar batch upload inter-
face exists for the parsing of the expression image and
annotation files. Internal users can also edit annotations
for existing lines using a separate curation interface.
Many of the interfaces utilise a controlled vocabulary
of terms to populate the drop-down menus, reducing
the number of typos in the database and preserving the
integrity of the data stored in TRACER. An administra-
tive database exists to edit these controlled vocabularies.
The external interface allows users to register interest
in particular lines, or - if the user’s genomic region of
interest is not yet covered - to wish for such a line when
it becomes available. These requests are captured in the
database and matching lines are displayed for the cura-
tors so they can contact the requesting researcher. For
user-defined regions of interest, new matching lines are
Figure 3 Searching the TRACER database. (A) TRACER lines can be retrieved (“General search”) either based the genomic position of the
insertion as defined by a genomic range or a region around a particular gene, or using the result of the expression assays, with the possibility to
specify stage and expression domains of interest. (B) Alternatively (“Visual search”), the distribution of insertion sites along a chromosome is
visualised, and those within the range defined by a dragable and expandable red rectangle will be returned.
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automatically searched every week, or when triggered
through the curator interface.
Utility
Searching the TRACER database
The “Browse the TRACER database” tab takes users to
the main search interface of the website (Figure 3A). In-
sertions of interest can be identified by a variety of op-
tions. For genome-centric views, a genomic region of
interest can be specified, defined either by chromosomal
coordinates (reference genome is MGSCv37/mm9), or
by a gene name (“associated gene name” from Ensembl
database) and an optional user-defined flanking region
(default is 0.5 Mb). In addition to this “General” option,
one can perform a “Visual” search by clicking on the link
at the top of the search window (Figure 3B). Users can
view the distribution of insertions across each chromo-
some and drag a rectangle to define the region they want
to retrieve lines. Searches can also be carried out based
on expression patterns, using criteria such as positive/
negative, expression domains and expression stages. The
label “negative” for expression means that no specific ex-
pression patterns was scored for this insertion at the em-
bryonic stages assayed, whereas an insertion is labelled
as “positive” if specific expression is detected at least at
one stage of development. The majority of the insertions
have been assayed at E11.5, but some data is available
at other stages (E10 to E13). Expression domains are
annotated using a simplified controlled vocabulary (e.g.
branchial arches, cranial ganglia, digestive, dorsal root
ganglia, ear, eye, face, forebrain, genital bud, heart, hind-
brain, limb, midbrain, neural tube, somites, urogenital,
others or widespread), which is compatible with the one
used by the Vista Enhancer Database [28], in order to
facilitate comparison of the two datasets.
Display and download of data
Results are returned as a table (Figure 4A) with one row
per insertion and sortable columns displaying:
! The internal identifier of the mouse line in the
TRACER database.
! The genomic position of the insertion (chr/position ;
based on MGSCv37/mm9 genome assembly).
! The orientation of the loxP site in the transposon.
“Plus” corresponds to the following orientation:
centromere – 50-ATAACTTCGTATA
GCATACATTATACGAAGTTAT- 30 telomere. For
comparison, loxP sites targeted by the International
Knockout Mouse Consortium in genes transcribed
from the plus strand (http://www.knockoutmouse.
org/about/targeting-strategies) have the same
orientation than TRACER “plus” loxP. Depending on
the specific transposon, the orientation of the other
features (transposon ends, reporter gene) varies:
they are indicated and represented in the expanded
view available by clicking on the “expand” icon.
! An icon and text, indicating whether expression
analysis has been performed and whether LacZ
reporter expression has been detected. The
developmental stage(s) for which information is
available are indicated in the next column.
Expression assay is “positive” if the insertion showed
LacZ staining at least at one of the stages assessed.
! The status of the insertion, indicating whether
animals carrying the insertion are available.
Insertions that were identified in F0 embryos, that
couldn’t be established from the founder or were
discontinued, are labelled as “not maintained”.
Insertions “available” for further use or analysis fall
under three categories: “alive” (line established with
mice available in small numbers), “cryopreserved”
(either as embryos or sperm) and “new” (usually
corresponding to a new insertion, with only the
founder animal). The status of an insertion is
dynamic: not all “new” insertions are established,
and depending on circumstances, “alive” ones may
become “cryopreserved” or “not maintained”.
! Transposon type: most of the available lines harbour
a simple regulatory sensor with a lacZ reporter and
(See figure on previous page.)
Figure 4 Presentation of TRACER data. (A) Summary display of results for a TRACER search. For each line the TRACER name, genomic position,
orientation of the loxP site, summary of expression (expressed/positive, not expressed/negative, not done; developmental stage(s) assayed), status
(alive, cryopreserved, not maintained, newly created) and the transposon type are displayed. The final two columns allow users to select the data
for download, or to register interest in the line. Clicking on the “open” icon gives access to the detailed information of an insertion of interest.
Quick access to a thumbnail photo of a representative embryo and to the corresponding transposon is possible by a simple click on the
corresponding zone (B) Detailed view of a TRACER mouse line. The top section reveals basic information about the insertion, including the type
of insertion, the name of the parent insertion, the orientation of the loxP site and a visual representation of the transposon in the correct
orientation. The first panel shows the genomic context of the insertion in a snapshot from the Ensembl genome browser (Ensembl Genomic
view +/−0.5 Mb) along with links to view the insertion point in the Ensembl or UCSC genome browsers. The second panel shows photos and
annotations of the expression patterns of the regulatory sensor. The images can be mouse-overed to reveal a high-resolution zoomed-in view,
and the annotation of expression domains is displayed. The third panel shows information related to mapping and genotyping, including the
sequence obtained from the mapping procedure, and the sequences of the primers used to genotype animals carrying this specific insertion. The
interface in the panel on the left allows neighbouring insertions to be selected for detailed analysis of a region’s regulatory potential.
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a single loxP site, in one or the other orientation
relative to the transposon ends (SB8 and SB9). New
transposons with additional features have been
constructed (see Figure 2), and lines containing
them are being established and will be added to the
resource. Detailed maps and sequences of available
transposons are available on the Tracer website.
The final two columns display a checkbox to download
the complete set of information available for an inser-
tion, and an email link to indicate interest in a specific
insertion. The toolbar buttons above the results table
can be used to filter the search results, and to show only
available lines and/or lines with expression data.
Further details on a given insertion can be seen by
clicking the expand icon next to each record (Figure 4B).
The first section describes the genomic context of the
insertion. It lists whether the insertion is located in a
gene desert (a gene-free region larger than 500 kb),
intergenic (less than 500 kb-long), intronic or exonic re-
gion, specifies the orientation of the reporter gene, and
the parental insertion line from which the insertion was
obtained. This section also contains a schematic of the
transposon construct, the genomic environment and
flanking genes in a snapshot from the Ensembl genome
browser [51] along with links to view the insertion point
in Ensembl or the UCSC genome browser [52].
The second section shows the LacZ expression pat-
terns obtained for the insertion, when available. Mousing
over each thumbnail image show a zoomed-in, trackable
high-resolution view of the image. In addition, the stage
and viewpoint of the image is recorded along with anno-
tations using the expression domain categories detailed
above. One can switch from one image to another one
by clicking on the corresponding thumbnail.
The final section shows details regarding how the gen-
omic position of the insertion was determined, such as
the flanking sequence(s) obtained (trimmed to the TA
dinucleotide duplicated upon Sleeping Beauty insertion
[53]), and where this sequence mapped where this se-
quence mapped to genome using BLAT [54]. When
available, primers that have been used to genotype em-
bryos and mice for this specific insertion are indicated.
The left hand panel of the expanded section contains
an interface that displays lines with insertion points
within 5 Mb (or a user-selected range) (Figure 4B). Users
can select one or more of these lines, and open a new
tab displaying these flanking lines. This feature is par-
ticularly useful to compare regulatory activities across
large regions, and to delineate the extent of regulatory
domains.
Finally, the toolbar below the search interface allows
data to be downloaded for the whole TRACER database,
the search results, user selected lines or just the lines
described in publications referring to the dataset. Add-
itionally, all available images can be downloaded. Re-
quests for higher resolution photos and other questions
can be sent to gromit@embl.de. Most LacZ stained em-
bryos has been archived, albeit in limited numbers for
each insertion, and may be made available upon request.
User wish list
Although the TRACER database already covers a sub-
stantial proportion of the genome, it is likely that indi-
vidual researchers will be interested to get information
and mice with transposons in regions where we haven’t
yet identified an insertion. Given the high efficiency of
transposition, the number of new insertions identified in
on-going remobilisation efforts (~ 10 per week) exceeds
our current capacity to keep, expand and cryopreserve
all of them (Figure 5). The “User wish list” tab allows
scientists to indicate particular genomic regions they are
interested in, along with their contact details (Figure 5C).
Once an insertion in this region is identified, it is
“flagged” for the producing group, so that the corre-
sponding animal is kept, and the interested group will be
contacted.
Discussion
A functional view of the genome with TRACER
The introduction of a “regulatory sensor” in the genome
provides a direct operational readout of the activities
that can contribute to gene expression, which surround
the insertion point. Similar enhancer-trap screens have
widely been used in Drosophila [41] and to some extent
in zebrafish [55-58], providing information about genes
and genomes, as well as a series of useful markers and
tools. Their use in mice has been limited [59,60], in part
due to the low throughput of transgenesis, and technical
difficulties of generating single-copy insertions. The de-
velopment of robust and efficient in vivo transposition
systems [2,61-63], as shown here, or the use of lentiviral
transgenesis, as recently described elsewhere [64], open
new exciting possibilities to conduct such screens in an
efficient and affordable manner.
Collections of insertions generated by these ap-
proaches can provide useful information and tools, and
the TRACER database represents a substantial step to
capitalise on such a collection, by centralizing and giving
access to data and to mouse lines. We present and dis-
cuss here briefly some of the possible uses of this data-
base and of the information therein (Figure 6).
By querying the database for a gene or a region of
interest, one can identify expression patterns and regula-
tory activities associated with that location and its sur-
roundings. The observed activity may indicate possible
developmental or tissue-specific regulation of genes, and
shed light on their physiological roles in vivo (Figure 6A).
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However, we wish to emphasize that the regulatory sen-
sor sometimes reflects only a subset of the expression
domains of a given gene [2]. Although the sensor re-
sponds accurately to influences from long-range remote
enhancers, it is less likely to capture the input of pro-
moter elements that have a limited range of action:
tissue-restricted expression of the sensor may therefore
represent a tissue-specific modulation of an otherwise
broadly expressed gene; yet, this modulation may corres-
pond to important biological functions.
Also, the expression pattern associated with an inser-
tion does not necessarily imply that a corresponding
enhancer lies nearby, as illustrated by the shared expres-
sion of distant insertions (Figure 6A,C; other examples
in [2]). Instead, the sensor reports the collective input at
a given position of both positive and negative regulatory
elements. Accordingly, comparing the expression pattern
of neighbouring insertions to each other and to known
enhancer activities [21,65] can reveal important regula-
tory features. These include the range of action of
enhancers, the boundaries of expression domains, the
presence of silencers or other repressive or insulating
elements that modulate enhancer activity and cannot be
obtained from other types of datasets and approaches. In
essence, TRACER provides an operational view of the
regulatory structure of the mammalian genome, and de-
lineates the extent of the large regulatory landscapes [6]
that subdivide the genome into functional units. It con-
stitutes a functional counterpart to views obtained by
different methods; including, for example, Genome Regu-
latory Blocks that are delineated by the density of con-
served non-coding elements and synteny conservation
Figure 5 Evolution of TRACER dataset. (A) Genomic distribution of the insertions with expression annotations (red) and available as lines (blue)
(generated with the Karyoview tool from Ensembl – status in July 2012). Insertions on the Y chromosome are not shown as their positions are
ambiguous (B) The number of mapped insertions increases at a regular pace (light blue line), almost paralleled by expression reports (red cursor).
A smaller proportion of these are kept alive or archived by cryopreservation (blue cursor). (C) The user wish list allows researchers to register
interest for a genomic interval. It ensures that mice with new insertions in this region will be preserved for the scientist who indicated this
request. The interval of interest can be defined by position or by gene name.
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Figure 6 Examples of potential applications of TRACER. (A) Using TRACER to obtain information about the regulatory potential of a specific
interval. Two loci (Ndst3 and Zfhx3) are given as an example, with photos of lacZ-stained embryos with insertions close or far from these genes.
(B) Searching TRACER for insertions with specific expression patterns can identify genomic positions where an inserted transgene will display a
predicted activity. Three insertions with different patterns of expression in the fronto-nasal process are shown as examples. Such specific patterns
can subsequently be exploited to re-target other transgenes with expression in the predicted domains through different techniques. (C)
Overlapping deletions (red bars) and duplications (blue bars) over 14q12 entered in the DECIPHER database (http://decipher.sanger.ac.uk/) are
associated with similar clinical phenotypes. TRACER insertions in the orthologous interval show that it corresponds to a large regulatory landscape
associated with forebrain (green) and facial (brown) expression domains in E11.5 (SB-202250e1 and SB-202250) and E12.5 (SB-177175emb7)
mouse embryos. LacZ expression in the ear of embryo SB-177175emb7 (star) is due to the presence of an additional insertion, SBlacC [2].
Enhancer regions (ovals, color-coded depending on their pattern of activity as shown in the schematized embryo; data from VISTA enhancer
browser [28]) present in the proximity may contribute to these activities. By local remobilisation and Cre-mediated recombineering, the mouse
line SB-202250 may be used to produce mouse models of the human aneuploidies associated with this largely non-coding interval.
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[66,67], Topological Associated Domains defined by
chromosomal interaction biases [68,69], and Enhancer-
Promoter Units that are revealed by clusters of coinci-
dent promoter-enhancer chromatin signatures [70].
The data present in TRACER identifies genomic posi-
tions where an inserted transgene will adopt a highly
specific expression profile (Figure 6B). Transgenes that
drive the expression of markers to label specific cells
(such as fluorescent markers) or of effector genes (for
example Cre recombinase) in defined cell-types or
embryonic tissues have proven very useful to dissect bio-
logical and genetic processes. “Position-effects” (the ac-
tion of endogenous regulatory elements on transgenes)
are usually considered as a problem for transgenic ex-
periments because they lead to partially unpredictable
outcomes. With the information displayed in TRACER,
one can instead exploit position effects, and select gen-
omic sites that will convey an expression pattern of inter-
est. Importantly, many of these sites are located far from
genes, implying that their use would have less functional
impact than a gene knock-in. The sensor integrates the in-
puts of both enhancers and silencers that are acting at its
position: consequently, the observed pattern is often more
restricted than the one driven by enhancer-only constructs
or displayed by the neighbouring genes [2]. Hence,
retargeting positions identified in TRACER with a trans-
gene of interest should provide a reliable method to create
new tissue- and cell-type specific transgenes. This can be
done by homologous recombination in mouse ES cells,
but the rapid development of Zinc-Finger or TALE
Nuclease-associated targeted transgenesis may offer more
efficient alternatives [46,71,72].
In addition to maps of genomic “regulatory land-
scapes”, TRACER provides access to a large and growing
collection of mice with different transposon insertions
(around 200 in July 2012). Only few insertions are likely
to disrupt genes or key/highly conserved regulatory ele-
ments directly. Instead, these mice can be used for other
purposes, and in particular for engineering aneuploidies
and structural variants. Chromosomal aneuploidies are
often found in patients suffering developmental malfor-
mations and/or neuropsychiatric disorders. In some
cases, single gene-knockout can reproduce the pheno-
types observed in human patients; however, for numer-
ous other conditions, such as contiguous gene diseases,
chromosomal duplications or rearrangements in non-
coding intervals, gene-based alleles do not provide ac-
curate models. Because Sleeping Beauty transposons
frequently re-insert in the vicinity of their initial pos-
ition, it is possible to use one insertion in a region of
interest to generate additional local re-insertions. These
insertions can be (re)combined owing to the associated
loxP sites, to produce a series of rearrangements of this
locus that model genomic alterations found in human
patients, and help determine the causal elements or
genes (Figure 6C). Such a use of the TRACER resource
and GROMIT strategy can be particularly well suited for
large gene clusters (eg. proto-cadherins, KRAB-zinc fin-
ger genes, olfactory receptors) or gene-deserts associated
with human pathologies, complementing the gene-
centric resource provided by the International Knockout
Mouse Consortium. Given the growing recognition of
the biological importance of genomic structural variants
for human diseases, we anticipate that TRACER will be
a useful resource to rapidly engineer allelic series of
structural variants in mouse orthologous intervals, help-
ing to create novel models of human genomic disorders.
Conclusion
TRACER database and community
Owing to the dynamic nature of transposon elements, the
resource present in TRACER will expand steadily with the
number of users. Each lab using this transposon technol-
ogy to investigate a region of interest by “local” hopping
will produce a substantial number of by-products (~ 80%
of the new insertions). Even if these insertions may not be
useful for the producing lab, they can be of interest for
others. TRACER is designed to serve as a central “virtual”
repository to share those mice. Further information, in-
cluding references, detailed maps and sequences of the
different transposons and transgenes in use, and protocols
for mapping of new insertions are available through the
pages of the TRACER website.
To facilitate exchanges, the TRACER database incor-
porates several features and internal interfaces for
contributing groups (automated insertion mapping, an-
notation and administration). In particular, the “User
wish list” feature offers a simple manner to readily “tag”
newly generated mice of interest without a major invest-
ment or commitment of the producing labs.
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We present here a Sleeping Beauty–based transposition 
system that offers a simple and efficient way to investigate the 
regulatory architecture of mammalian chromosomes in vivo. 
With this system, we generated several hundred mice and 
embryos, each with a regulatory sensor inserted at a random 
genomic position. This large sampling of the genome revealed 
the widespread presence of long-range regulatory activities 
along chromosomes, forming overlapping blocks with distinct 
tissue-specific expression potentials. The presence of tissue-
restricted regulatory activities around genes with widespread 
expression patterns challenges the gene-centric view of 
genome regulation and suggests that most genes are modulated 
in a tissue-specific manner. The local hopping property of 
Sleeping Beauty provides a dynamic approach to map these 
regulatory domains at high resolution and, combined with  
Cre-mediated recombination, allows for the determination  
of their functions by engineering mice with specific 
chromosomal rearrangements.
Recent findings highlight that critical genetic information, includ-
ing features commonly associated with the control of gene transcrip-
tion, can be localized far from genes1,2. In particular, developmental 
genes are known to rely on enhancers localized hundreds of kb away 
from their promoter, sometimes inside or beyond unrelated adjacent 
genes3–6. Furthermore, genome-wide association studies have sug-
gested the existence of many regulatory variants that could influence 
the expression of flanking but distant genes7–9. Computational and 
experimental strategies10–12 have recently progressed in identifying 
key regulatory elements, primarily enhancers. In some cases, muta-
tions or deletions of such enhancers have been found in individuals 
with different diseases13–17. Interestingly however, several traits or 
diseases are not caused by changes affecting an enhancer directly 
but by modifications of the surrounding genomic context18–21. These 
examples suggest that, within a locus, besides their mere presence, the 
relative position of the different regulatory elements could contribute 
to their activity and specificity. To understand how genome organiza-
tion influences gene expression, we need to not only identify indi-
vidual regulatory elements but also determine their range of action 
and specificity toward surrounding genes. Understanding the basis 
of this regulatory architecture will be essential in comprehending 
the phenotypic consequences of the widespread structural variation 
present in the human genome22,23.
The mouse has proven an extremely useful model system to inves-
tigate long-range gene regulation or human aneuploidies thanks to 
chromosomal engineering in embryonic stem cells24–27. However, 
the effort and time needed to transform an embryonic stem cell into 
a live animal are restrictive. Here we present a simple and efficient 
strategy to explore the regulatory genome at a large scale with-
out the need for sophisticated manipulations of embryonic stem 
cells. GROMIT (Genome Regulatory Organization Mapping with 
Integrated Transposons) relies on in vivo controlled mobilization 
of a Sleeping Beauty transposon. It distributes a regulatory sensor 
throughout the mouse genome and reveals the regulatory activities 
associated in vivo with each integration site. Using GROMIT, we 
generated several hundred mouse lines with the regulatory sensor 
integrated randomly in the genome. We used a subset of 165 represen-
tative insertions to survey the regulatory potential and architecture 
of the mouse genome in an unbiased, non–gene-based manner. At 
most insertion sites, the reporter sensor showed highly tissue-specific 
activity, revealing the intrinsic pervasive presence of regulatory influ-
ences throughout the genome. Importantly, each transposon can be 
remobilized to produce mice with new insertions around a selected 
starting point, as Sleeping Beauty often transposes locally. This pro-
perty makes GROMIT a highly efficient system to define the regula-
tory architecture of the genome at high resolution. Combined with 
in vivo recombineering strategies28–30, this approach offers multiple 
methods to create animals with segmental aneuploidies or other 
structural variations.
RESULTS
GROMIT, a transposon-mediated regulatory sensor system
We constructed a ‘regulatory sensor’ (SBlac) consisting of a 
LacZ reporter gene driven by the promoter region of the human 
β-globin gene (Fig. 1). This 50-bp promoter fragment has no spe-
cific activity on its own, but it responds faithfully to the activity of 
enhancers cloned next to it4,31. Thus, SBlac activity should reflect 
the influence of endogenous regulatory elements, thus revealing 
the regulatory potential existing at its insertion point. To easily 
Large-scale analysis of the regulatory architecture of the 
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distribute SBlac throughout the mouse genome, we cloned it within 
a Sleeping Beauty transposon32. This transposon has been shown to 
be active in mammals where it transposes in a ‘cut and paste’ man-
ner, leaving a minimal footprint behind33,34. We generated trans-
genic mouse lines containing several copies of the SBlac transposon 
inserted as a concatemer (Supplementary Note). We also produced 
transgenic lines expressing a hyperactive form of the Sleeping 
Beauty transposase (HSB16)35 under the control of a mouse Prm1 
promoter fragment, the activity of which is restricted to haploid 
spermatids36 (Fig. 1). This Prm1øHSB16 transgene should trigger 
remobilization of the transposon in the spermatids of males harbor-
ing both the transposon and transposase constructs (so-called ‘seed 
males’). To assess the efficiency of the approach, we crossed seed 
males with wild-type females and analyzed their progeny (Fig. 1b). 
We identified insertions of the transposon at new genomic positions 
from all combinations of transposon and transposase lines tested. 
The transposition frequency was very high (from one to six remobi-
lization events in each transgenic offspring of seed males with 8 or 
20 copies of the transposon). Consequently, additional breeding was 
often necessary to segregate the different insertions and to establish 
mouse lines with a single insertion. Importantly, in F0 mice, the 
new insertions systematically co-segregated with the starting con-
catemer, showing that the transposase was only active after meiosis 
and was not active in somatic tissues (Supplementary Note). Thus, 
F0 animals were not mosaic for the insertions they carried.
A collection of mouse lines with single-copy insertions
We determined the insertion sites of the transposon by asymmetric 
PCR on DNA from F0 animals using a transposon-specific primer and 
a partially random primer. We obtained flanking sequences for 569 
insertion sites and mapped 550 of these to unique loci in the mouse 
genome (Fig. 1c; see URLs for the Transposon and Recombinase-
Associated Chromosomal Engineering Resource (TRACER) data-
base). The vast majority of these insertions contained a single 
transposon, but we identified rare instances of more complex events 
(Supplementary Note).
As previously described by others33,34, we found that many 
insertions clustered around their starting site, reflecting Sleeping 
Beauty’s tendency for local hopping (Supplementary Fig. 1). 
For subsequent analyses, we excluded these ‘local’ insertions 
(within ~2 Mb of the starting sites) because they biased the overall 
distribution of the insertions, could not be easily segregated from 
the starting sites and might be associated with chromosomal 
rearrangements caused by repeated transposition from Sleeping 
Beauty concatemers37. The remaining insertions—more than half 
of the original set—are distributed across all chromosomes and fol-
low a random distribution with respect to genes or transcriptional 
start sites (TSS) (Fig. 2a,b and Supplementary Fig. 2). A subset 
of 165 insertions (‘expression tested’) was further analyzed for 
expression of the reporter gene. These insertions (124 from estab-
lished mouse lines and 41 from embryos with single insertions) 
Sleeping Beauty transposon
with loxP and regulatory sensor reporter
a
b c
1 2 3 4 5 6 7 8 9 10 12131415 1617 1819 X Y11
X
Transposase transgene
Prm1 HSB16LacZ
Prm1 HSB16
?
Figure 1 The GROMIT strategy. (a) Schematic representation of the 
transposase-expressing transgene and the regulatory sensor. The coding 
sequence of the improved HSB16 Sleeping Beauty transposase35 is under 
the control of the mouse Prm1 promoter region, which is specifically 
active in the male germline36. The SBlac transposon contains a LacZ 
reporter gene under the control of the minimal promoter of the human  
?-globin gene (?)31 and a loxP site (red triangle), cloned within the 
inverted or direct repeats of the Sleeping Beauty transposon (white 
arrowheads)35. (b) The breeding scheme. We mated males transgenic  
for both the transposase and transposon transgenes (seed males) to wild-
type females to produce F0 animals with new insertions. We performed 
additional breeding to segregate the different insertions and establish 
lines with single integrants. (c) Distribution of 550 mapped SBlac 
insertions (blue triangles) on the mouse genome.
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Figure 2 Genomic distribution and transcriptional activity of the different insertions. (a) Fraction of insertions within exons, introns or intergenic 
intervals (based on RefSeq genes). (b) Proportion of insertions at different distances from TSS. The observed dataset contains all insertions 
mapped to single loci, excluding the ones corresponding to the local hotspots associated with the starting concatemers A and C or subsequent local 
remobilizations. We analyzed 165 of these insertions for reporter activity, forming the ‘expression tested’ dataset. We obtained random distributions by 
analyzing independent randomizations with the same sample size as in the observed dataset. (c) Expression status of the insertions for all expression-
tested insertions or for different subsets according to their distance relative to the nearest TSS. Insertions within 50 kb of a TSS in E11.5 embryos 
showed expression less frequently than insertions farther away from a TSS (P = 0.00739, significance level 0.025), but the complexity of the 
corresponding patterns was similar with mostly tissue-restricted expression (data not shown). (d) Examples of LacZ expression from different insertions 
in E11.5 embryos.
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are representative of the diverse situations found in the mouse 
genome, covering both gene deserts and gene-dense regions.
Pervasive but highly tissue-specific transcriptional regulation
For each of these insertions, we assessed the activity of the reporter 
gene associated with the SBlac transposon in whole-mount embry-
onic day (E) 11.5 mouse embryos. We did not detect any reproducible 
pattern shared by a majority of insertions, confirming the absence of 
autonomous activity of our reporter gene. The expression patterns 
observed were independent of the activity of the transposon at its initial 
position (Supplementary Fig. 3), were reproducible between litterma-
tes and were stable across multiple generations (only two lines showed 
variegated expression, one of which was on the X chromosome).
Remarkably, 98 of 165 insertions (~60%) showed tissue-specific 
expression of the reporter gene at this embryonic stage (Fig. 2c and 
see URLs for the TRACER database). These patterns were very diverse, 
and some insertions showed almost ubiquitous expression (Fig. 2d, 
lower left), illustrating that the reporter sensor can be expressed in 
any tissue. However, almost all expression patterns (96 of 98) were 
restricted to a few organs or embryonic territories. Notably, this pre-
dominance of highly tissue-specific activities is in sharp contrast with 
previous analyses of endogenous gene activity that concluded that 
most genes (30–70%) had widespread expression at similar embryonic 
stages38,39 (Supplementary Note).
We found multiple cases where LacZ expression of the transpo-
son matched the expression pattern of a neighboring gene (Figs. 3–6 
and Supplementary Figs. 4–6), showing that most observed patterns 
correspond to biologically meaningful activities. Very frequently we 
found co-expression with an endogenous gene or another insertion 
located hundreds to thousands of kb away, highlighting that long-
range regulation is a very widespread phenomenon. Such situations 
were common around known key developmental genes but were also 
observed frequently in regions without any such kind of gene nearby 
(Fig. 3c,d and see URLs for the TRACER database). In many instances, 
however, the regulatory sensor only recapitulated part of the expres-
sion of the flanking genes (Fig. 3a–e, Fig. 4b and Supplementary 
Fig. 6). Importantly, transposons inserted within the same locus 
could have specific expression domains in addition to shared ones 
(Fig. 4 and Supplementary Figs. 4,5). Thus, depending on its genomic 
position, the transposon can reveal different subsets of the expression 
domains of the flanking gene(s). These observations suggest that the 
differences observed between insertions and flanking genes reflect the 
distinct range of action of the surrounding regulatory elements and 
not an intrinsic inability of the regulatory sensor to respond to some 
regulatory inputs. Notably, the insertion of the transposon in a locus 
did not modify the expression level of the neighboring genes with 
which it shared expression patterns (Supplementary Fig. 7), indicat-
ing that it is acting more as a sensor than as an enhancer trap.
The regulatory potential of the genome, as shown by SBlac acti-
vity, did not appear to be linked specifically to any genomic feature. 
Transposons inserted within  genes showed LacZ expression in 
similar proportions as intergenic ones (30 out of 50 for intragenic 
insertions; 68 out of 115 for intergenic ones; ?2 tests gave P values > 
0.49 for any significance level ? below 0.1). However, and maybe 
counterintuitively, transposons away from TSS showed expression 
more frequently than the ones located more closely (Fig. 2c). This 
difference was also significant after removing intragenic insertions 
(P = 0.034 for ? ? 0.025), ruling out transcriptional interference as its 
major cause. This bias could be due to a variety of factors which could 
either reduce the chance of expression (for example, competition with 
endogenous genes) or increase silencing (for example, spreading of 
repressive chromatin around silent genes40). However, it is not an 
absolute rule, and several insertions close to TSS showed expression 
patterns similar to the neighboring gene.
Figure 3 Examples of patterns of activities 
associated with different insertions. (a−e) We 
performed LacZ staining on E11.5 embryos 
heterozygous for the different insertions of 
the regulatory sensor. For each insertion, a 
schematic representation of the locus is shown. 
Genes are represented by black arrowheads, 
pointing in the direction of their transcription 
except for in b, where black bars correspond 
to the different exons and the gray block 
corresponds to the gene body. (a) A transposon 
80 kb from Sox9 showed strong LacZ staining in 
known Sox9 expression domains47 in the limb 
condensing mesenchyme (lb), the sclerotome (sc)  
and the developing ear (ot). However, we 
detected no expression in the neural tissues, 
where this gene is also strongly expressed47. 
(b) LacZ expression in the third pharyngal pouch 
(black arrow, th) of a transposon inserted into 
the gene body of Foxn1 mimics endogenous 
gene expression in the developing thymus 
primordium48. (c,d) LacZ staining of insertions 
that are not in the vicinity of developmental 
regulators. Insets in d are sectioned embryos 
showing expression in the floor plate of the 
neural tube (arrowhead, fp) and in the maxillary 
(arrow, mx). Scale bars are indicated in mm. 
(e) Comparison of the transposon (left) and 
endogenous gene (right) expression in E11.5 
embryos revealed shared domains (ey, anterior-most part of the eye; ba, second branchial arch; fa, face; lb, proximal limb; st, stomach) between 
Efnb2 and the SB-177321e insertion about 500 kb away. However, strong expression of Efnb2 in the brain and developing vascular system was not 
recapitulated by the transposon.
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Altogether, GROMIT revealed that regulatory activities are not 
focused toward gene promoter regions, but that chromosomes are cov-
ered with dense ‘regulatory jungles’. These domains are mostly associ-
ated with tissue-restricted and patterned activities and are particularly 
present away from genes, whereas their influence appears to be attenu-
ated or more controlled in the vicinity of promoter regions.
Enhancers and repressors define regulatory domains
To compare the regulatory potential of a locus with the intrinsic and 
autonomous activity of neighboring enhancers, we took advantage of 
the Vista Enhancer Database. This database comprises about 1,200 
genomic elements, many of them showing tissue-specific enhancer 
activity in E11.5 transgenic mouse embryos2. As most of these ele-
ments show extreme evolutionary conservation, it is reasonable 
to expect that the mouse sequences have the same activity as the 
tested human orthologs. Transposons inserted in the vicinity of a 
characterized Vista enhancer usually have expression patterns cor-
responding to the contribution of these adjacent elements (Fig. 5 and 
Supplementary Figs. 6,8). However, in each case, we found that the 
expression of the transposon was more restricted than the intrinsic 
activity of the neighboring enhancers, although it nevertheless 
 recapitulated the precise expression boundaries of the endogenous 
gene situated several hundred kb away. These recurrent differences 
seen  between the activity of enhancers, determined outside of their 
normal genomic context, and the expression of  endogenous genes 
or transposons inserted nearby emphasize that the overall regulatory 
activities associated with a locus are not defined by the mere addition 
of enhancers but rather are further refined by the action of distinct 
highly tissue-specific repressor elements.
Fine mapping of genomic regulatory landscapes
So far, a major limitation with Sleeping Beauty has been the diffi-
culty to remobilize single transposons from their new positions41,42. 
Sall1
a b c
d
e
f g
300 kb 10 kb
LBL-72 LBL-71
SB-182529a
Figure 5 Comparison between the genomic regulatory potential and intrinsic 
activities of nearby enhancers. (a−g) An insertion 300 kb upstream of 
Sall1 is localized between two evolutionarily conserved enhancer elements 
as schematized in e. The reporter gene (b) recapitulates most expression 
domains of the endogenous gene detected by in situ hybridization (a). 
Expression in the limbs (white arrowhead) and forebrain (black arrowhead) 
overlaps with activity determined for the two flanking Vista enhancers 
mapped in the region (LBL-72 (f) and LBL-71 (g)). However, although LBL-
72 can drive expression of a reporter gene throughout the whole autopod in 
a transgenic assay (f), in the endogenous context, this activity is silenced 
both in the most distal mesenchyme and in a proximal anterior region of the 
autopod (c,d, red arrows). For simplicity, additional enhancers with activities 
corresponding to other Sall1 and SB-182529a expression domains, which 
had been previously identified2 but which are localized further away from 
SB-182529a, are not shown. Photos of the transgenic embryos for Vista 
enhancers (f,g) were taken from the Vista Enhancer Browser2.
Figure 4 Short- and long-range activities detected by transposons inserted 
into the same loci. (a) We obtained two insertions (SB-183036-emb4 
and SB-176069-emb50) in the 2-Mb gene desert between Arrdc4 and 
Nr2f2. These insertions shared expression domains (white arrows) in the 
face and midbrain and showed insertion-specific expression (red arrows), 
illustrating the existence of overlapping but distinct regulatory landscapes 
with their own tissue specificity. (b) Insertions in the Col1a1-Dlx4 interval 
showed different activities. The insertion 70 kb upstream of Dlx4 (SB-
177611d) showed LacZ activity in the visceral arches (arrow), partially 
mirroring Dlx3 and Dlx4 expression, but showed only weak staining in 
the limb apical ectodermal ridge and no staining in the mandibular arch, 
compared to the Dlx3, and Dlx4 endogenous genes49. An insertion in  
an intron of Pdk2 (SB-178137a) showed no expression. Upon 
remobilization of this one insertion, we discovered two new insertions 
in the same neighborhood. A very local insertion (remob1, 0.6 kb away) 
showed also no expression, whereas another (remob2, 17 kb away) was 
expressed more broadly, notably in the neural tube and brain, matching 
the flanking genes’ activities.
Arrdc4
Col1a1Sqca
Ppp1r9b Pdk2
remob1
remob2
remob2 SB-178137a SB-177611d
Samd14 Itga3 Dlx3
SB-177611d
100 kb
20 kb
SB-183036-emb4a
b
SB-183036-emb4
SB-178137a
SB-176069-emb50
SB-176069-emb50
Nr2f2
Dlx4
©
 2
01
1 
N
at
ur
e 
A
m
er
ic
a,
 In
c.
  A
ll 
ri
gh
ts
 r
es
er
ve
d.
NATURE GENETICS VOLUME 43 | NUMBER 4 | APRIL 2011 383
T E C H N I C A L  R E P O RT S
To evaluate the efficiency of our system, we reintroduced the 
 transposase transgene into different mouse lines carrying single-
copy transposons. In all cases, remobilization was extremely effi-
cient, and 17% to 50% of the transgenic F1 mice had the transposon 
inserted in a new location (Table 1). Six out of one hundred off-
spring from seed males homozygous for the transposon did not 
inherit the transposon, implying that only three-quarters of the 
excised transposons reinsert in the genome (accordingly, we saw a 
deficit of transmission of the transposon (401 out of 923 offspring) 
from heterozygous seed males). Importantly, more than one-fourth 
of the remobilization events from these insertions were intrachromo-
somal and about 15% occurred within 2 Mb of the initial position 
of the transposon. Such a high rate of local transposition enables 
systematic exploration of regions of interest.
As a proof of principle, we selected a few insertions and remo-
bilized them to more finely map the surrounding regulatory 
domains. Insertions obtained within a given locus often shared 
similar expression profiles, reflecting their association with 
long-range enhancers acting over several hundred kb (Fig. 4a 
and Fig. 6c–e). But in other cases, insertions just a few kb apart 
had different expression features, showing the existence of 
rather abrupt regulatory transitions both 
within gene-dense regions (Fig. 4b) and 
in gene deserts (Supplementary Figs. 4,5). 
Many transitions were tissue-specific and 
involved only some of the regulatory influ-
ences detected in the region. These exam-
ples illustrate the potential of GROMIT to 
functionally identify regions that could 
correspond to insulator elements and 
restrict the range of action of regulatory 
enhancers in vivo.
Furthermore, because the SBlac trans-
poson contains a loxP site, it is possible to 
generate a series of overlapping rearrange-
ments over a region of interest by combining 
in vivo transposition from one insertion, as 
described above, with in vivo recombineer-
ing approaches28–30. This could be achieved 
simply by breeding and, given the efficiency 
of the tranposition and recombination, only a few cages. As an 
example, we used this approach to investigate a large gene desert 
starting from an insertion located 1.75 Mb away from Myc (Fig. 6 
and Supplementary Fig. 9). In the first two litters screened for 
remobilization, we identified one animal with a local event, carry-
ing the transposon 0.85 Mb from Myc. Trans-allelic Cre-mediated 
recombination between the loxP sites associated with the two inser-
tions produced embryos carrying either deletion or duplication of 
the 0.9-Mb intervening region (seven deletions and four duplica-
tions out of 107 embryos) together with the regulatory sensor at the 
recombination point. Notably, whereas both insertions were speci-
fically expressed in the somites and in the face (corresponding to 
regions where Myc is expressed more strongly), these domains were 
lost or greatly reduced after deletion of the intervening region, sug-
gesting that it contained the corresponding enhancer(s) (Fig. 6).
Altogether, these examples demonstrate that GROMIT is a 
 simple and efficient strategy to explore the regulatory architecture 
of the genome. Coupled with Cre-loxP recombination, it enables 
the identification of potentially important features (insulators and 
enhancers) as well as the creation of mouse lines with correspond-
ing targeted chromosomal rearrangements.
Table 1 Remobilization frequency of single-copy transposon insertions
Donor
Insertion Type Chr. F1 SBlac Remobb Mapped Intrachromc Locald
177184c Het 5 71 25 9 9 2 1
183038 Het 7 52 33 7 4 0 0
183036 Het 1 237 90 44 37 12 5
176599b Het 2 104 46 11 10 4 3
176599bca Het 1, 2 53 41 19 17 7 2
176599b Hom 2 61 57 12 11 2 1
176148b Hom 16 24 22 7 3 0 0
178235 Hom 16 15 15 3 3 0 0
183041a Het 3 261 106 41 24 5 4
178137a Het 11 145 60 11 8 2 2
Total 1,023 495 164 (33%) 126 34 (27%) 18 (14%)
Chr., chromosome; het, heterozygous; hom, homozygous; remob, remobilized; intrachrom, intrachromosomal.
aMale with two unlinked insertions (176599b and 176599c). The number of remobilizations is an underestimate as only F1 
individuals, which were negative for both 176599b and 176599c, were considered as ‘remobilized’. bNumber of animals  
with a SBlac transposon in the genome but not at the starting position. cNew insertions on the same chromosome than the 
donor site. dNew insertions within 2 Mb of the position of the donor site. 
Figure 6 Mapping genomic regulatory  
domains with sequential tranposition and/or  
recombination. (a) Schematic representation  
of the Myc-Gsdmc interval, including the  
non-coding Pvt1 gene and the initial  
insertion from the SB-179039 line. Upon  
local transposition from SB-179039, we 
obtained SB-184347, located ~890 kb away 
from SB-179039. Cre-mediated recombination 
in trans between the loxP sites produced 
chromosomes with the deletion or the 
duplication of the intervening region.  
The breeding strategy is detailed in 
Supplementary Figure 9. (b−e) In situ 
hybridization of the endogenous Myc gene 
showed enrichment of expression notably in 
the face (fa) and somites (so) coinciding with 
LacZ expression domains observed both with 
SB-184347 (c) and SB-179039 (e) in E11.5 
embryos. In SB-179039, LacZ expression was stronger than in SB-184347 and included a specific rhombic lip domain (rl) not observed for Myc 
or SB-184347. Both domains were lost when the 890-kb region was deleted (d), whereas the duplication led only to quantitative differences when 
compared to SB-179039 (data not shown).
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DISCUSSION
The tools we developed for GROMIT allow remobilization of a single- 
copy transposon with a high frequency, one to two orders of magnitude 
higher than what has been reported previously41,42. The use of a 
transposase source expressed only transiently in late spermatogenesis 
could enhance transposition efficiency directly by virtue of the intense 
chromatin remodeling that occurs in spermatids and indirectly by 
preserving remobilization-prone insertions that would be lost with 
a constitutively expressed transposase. The efficiency and the simpli-
city of the system represent an important advance that will enable the 
functional exploration of the mouse genome in many ways. This system 
enables the production of mouse lines with single and non-mosaic 
integration sites. It minimizes the risk of rearrangements and other 
events associated with remobilization from multicopy concatemers37. It 
also opens the possibility of reusing insertions obtained previously and, 
thanks to the local hopping of Sleeping Beauty, allows systematic ana-
lyses of regions of interest, a feature that is not possible with non-locally 
biased transposon systems such as Piggybac. In this aspect, GROMIT 
is similar to the recently described LHED (Local Hopping Enhancer 
Detector) strategy24. LHED is based on transposition in embryonic 
stem cells, which could have advantages. However, given the time, effort 
and expertise needed to make a mouse from embryonic stem cells, the 
efficient in vivo system we propose is much more cost and time effec-
tive, particularly for medium- to large-scale approaches. Furthermore, 
whereas the LHED transposon is limited to creating nested deletions 
or inversions with a fixed breakpoint, GROMIT is much more flexible, 
as the different insertions can be combined independently to generate 
a series of overlapping chromosomal rearrangements.
Here we used GROMIT to characterize the distribution of the regu-
latory information present in the mouse genome. The underlying 
principle is somehow similar to ‘enhancer-trap’ screens, but it differs 
from them in essence. GROMIT does not favor expression-competent 
positions as compared to other approaches that pre-select insertions 
either directly for expression or indirectly through a built-in selection 
marker43,44. Also, in GROMIT, the reporter gene is driven by a mini-
mal neutral promoter, which is not restricted to specific tissues but 
which readily interacts with available regulatory elements, provided 
it is within their range of action. Notably, the strength and reproduc-
ibility of LacZ expression and the frequent overlap with the expression 
patterns of flanking genes shows that the transposon reports genuine 
and biologically meaningful activities and not just transcriptional 
noise. However, the transposon does not seem to ‘trap’ enhancers, as 
its effect on endogenous genes appears to be very limited. Its weak 
promoter may miss activities that are short range or very tightly asso-
ciated with a specific gene, but it is otherwise finely regulated within 
the context of its genomic insertion site and has minimal impact on it, 
acting therefore as a regulatory sensor. Hence, the expression pattern 
of this sensor reflects the normal regulatory organization of a locus 
(integrating regulatory elements according to their range of action 
and the strength of their specific interactions) and not the artificial 
situation created by true enhancer-trap constructs.
The large number of lines produced and analyzed with GROMIT 
provides an unprecedented view of the regulatory organization of 
the mouse genome. The frequency and the diversity of the activi-
ties detected by the regulatory sensor show that a very large part 
of the genome—and not only in the vicinity of key developmental 
regulators—is associated with tissue-specific and spatially restricted 
expression potential. This pervasive presence of regulatory influ-
ences with high tissue specificity along mammalian chromosomes 
contrasts with the rather widespread expression of most genes in 
mid-gestation embryos38,39. Consistently, previous reports have also 
suggested that regions harboring chromatin marks associated with 
enhancer activity are mostly cell-type specific12, and most if not all 
experimentally tested enhancers show a narrow pattern of activity2. 
Thus, it is likely that most of gene basal and widespread expression is 
achieved through proximal promoter elements. As discussed above, 
even though the sensor could capture regulatory input in any tissue, 
this eventuality depends on the range of action of the responsible 
element. The paucity of insertions showing widespread expression 
of SBlac suggests that promoter regions associated with widespread 
gene activity have very short-range action or are more tightly directed 
to the neighboring TSS. To report on their influence, the transposon 
would have to be inserted close-by and to compete for them with 
the endogenous gene. These two parameters may explain the under-
representation of ubiquitous-like activities in the patterns shown by 
the regulatory sensor and the lower expression frequency of trans-
posons inserted in the vicinity of promoters.
On the other hand, the general presence of activities captured by our 
transposon system throughout the genome emphasizes that, besides 
gene promoters, a multitude of other elements contribute to gene regu-
lation as well without being intrinsically bound to a given gene but 
which potentially act on any gene present within their range of action. 
In particular, gene deserts appear to be regulatory jungles filled with 
broadly distributed tissue-specific expression potential. The expres-
sion differences between neighboring insertions or with endogenous 
genes expose the presence of specific regulatory boundaries. These 
differences could correspond to insulators or reflect that the associated 
regulatory modules are positioned at different locations and have 
different ranges of action. Altogether, this reveals the subdivision of the 
genome into distinct but overlapping regulatory domains with their 
own specific activities independent of genes. The elements defining 
these domains seem intrinsically promiscuous: they act in a relatively 
flexible manner over large distances rather than being intrinsically 
bound to activate specific endogenous target genes.
For genes already broadly expressed, these highly tissue-specific 
regulatory inputs may have no major impact. They are, however, 
in agreement with the predominant presence of cell-type–specific 
expression quantitative trait loci away from genes45 and could 
explain why genome-wide association studies repeatedly point to 
non-genic intervals9. Fine tuning of gene activity by remote tissue-
specific modulators could be more common than usually considered 
and could represent the result of an extensive evolutionary regula-
tory tinkering to adjust basic biological functions to developmental 
processes. Nonetheless, some of the activities detected by our regula-
tory sensor may not be relevant for any endogenous gene, notably 
the ones found in large regions with little evolutionary conservation 
or recent expansion. These activities could correspond to cryptic 
and evolutionary labile enhancers, the existence of which would 
help the rapid evolutionary turnover of gene regulatory elements 
recently proposed46.
Our survey also highlights the contribution of tissue-specific 
repressive elements. Notably, their action is not limited to pre-
venting the inappropriate activation of a gene by unrelated neigh-
boring enhancers or to silence it in broad domains. Instead, they 
repress the activity of enhancers in a very precise and controlled 
manner to further refine the overall regulatory output. Evolving 
specific gene expression patterns may be simpler by intersecting 
positive and negative regulatory elements as compared to develop-
ing complex modules with highly restricted activities. Such situa-
tions could lead to abrupt regulatory changes by unmasking or 
extending the range of activities already present but normally 
repressed or hidden from genes. Consequently, the impact of 
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genomic variation should be considered in the holistic context 
of these dense and complex regulatory interactions.
As shown here, GROMIT provides useful regulatory information 
about a given region in a gene-independent manner. Such functional 
information can help make better biological sense of the ever-growing 
catalog of chromatin profiling and transcription factor binding sites, 
especially for the ones detected away from genes and for which the 
relationship to gene expression is rather elusive. The comparison of 
GROMIT data with other genomic information (chromatin and tran-
scription factor profiling, and chromosome conformation capture) 
will also provide new and important insights regarding the functional 
organization of the genome. Importantly, with ongoing remobilization 
projects, the number and density of insertions should grow stead-
ily, providing information about the regulatory architecture of more 
regions with increased resolution.
Furthermore, with increasing numbers of genome-wide associa-
tion studies pointing toward the importance of non-genic intervals, 
we need to develop robust strategies to evaluate the role of these 
regions and to understand the impact of structural variants. As we 
illustrated here, with local hopping and recombineering, GROMIT 
offers a simple and efficient alternative to the current embryonic 
stem cell–based approaches for the generation of models of human 
aneuploidies and other large structural variants24,26,27. The 150 lines 
already available provide starting sites and access to almost 10% of 
the mouse genome, and this coverage will expand with the addi-
tional random insertions generated as byproducts of each remobi-
lization project. Homologous recombination in embryonic stem 
cells can also be used to target a (eventually modified) Sleeping 
Beauty transposon to a precise genomic position, with GROMIT 
subsequently enabling the generation of nested rearrangements in a 
time- and cost-effective manner. By virtue of its simplicity and high 
efficiency, the GROMIT toolkit opens, with the expanding TRACER 
resource, a new level to functional investigations of the mammalian 
non-coding genome.
URLs. Transposon and Recombinase-Associated Chromosomal 
Engineering Resource (TRACER) database, http://tracerdatabase.
embl.de; Blat, http://genome.ucsc.edu/cgi-bin/hgBlat; Vista Enhancer 
Browser, http://enhancer.lbl.gov/frnt_page.shtml.
METHODS
Methods and any associated references are available in the online 
 version of the paper at http://www.nature.com/naturegenetics/.
Note: Supplementary information is available on the Nature Genetics website.
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ONLINE METHODS
Transgenes and transgenic mice. The SBlac regulatory sensor was con-
structed by cloning the human ?-globin minimal promoter-driven LacZ 
reporter gene31 and a loxP site between the terminal inverted repeats of the 
Sleeping Beauty transposon35 (kindly provided by B.S. Fletcher, University 
of Florida). The SBlac transgene was released (together with a portion of 
a plasmid polylinker and an additional loxP site) as a linear fragment by 
digesting plasmid pSB11 with Xho1. Four independent lines were generated 
(SBlac-A, -B, -C and -E) by microinjection of this fragment in mouse fertilized 
oocytes. Copy number was determined (copy numbers of ~20, 2, 8 and 1, 
respectively) by comparison on protein (Southern) blot with known amount 
of the transgene (data not shown).
The spermatid-specific transposase transgene consists of the mouse 
Prm1 promoter region (PCR amplified from genomic DNA with primers 
Prm1xho5 and Prm1bh3) cloned upstream of the coding region of the hyper-
active Sleeping Beauty transposase HSB16 (ref. 35) (provided by B.S. Fletcher, 
University of Florida) coupled with the 3? untranslated region of the rabbit 
β-globin gene. This Prm1øHSB16 transgene was released by Acc65I digestion, 
gel purified and injected in the pronuclei of fertilized mouse oocytes using 
standard procedures. Three lines were established (Prm1øHSB16-A, -B and 
-C). All showed similar activities with respect to transposition efficiency.
Transgenic lines were maintained by breeding with C57Bl/6J mice. Embryos 
were produced by mating transgenic males with CD1 females. For genotyp-
ing, tail or embryonic membrane biopsies were lysed in lysis buffer (10 mM 
Tris-HCl pH 8, 50 mM KCl, 2 mM MgCl2, 0.1 mg/ml gelatin, 0.45% NP-40 
and 0.45% Tween-20) supplemented with proteinase K (100 ?g/ml) and heat 
inactivated. Genotypes were determined by PCR using transgene-specific 
primers (Prm1øHSB16, primers Prm1_tg1 and HSB16_tg2, product = 474 
bp; SBlac. primers SBlac_tg1 and SBlac_tg2, product = 800 bp). Sequences of 
the different primers are given in Supplementary Table 1. After mapping, 
SBlac insertions were genotyped with one primer specific to the given insertion 
and one generic transposon (details and primers available on the TRACER 
database, see URLs). Animal experiments were conducted in accordance with 
the principles and guidelines defined by the Laboratory Animal Resources of 
the European Molecular Biology Laboratory.
Identification of transposon insertion sites. To identify transposon inser-
tion sites, we applied a nested asymmetric PCR strategy using Platinum Taq 
(Invitrogen). A first round of PCR amplification was performed on a genomic 
DNA template from tail or yolk sac biopsies with a transposon-specific primer 
pointing outward from the transposon (SB-R1 for the right end, SB-L1 for the 
left end, 20 ?M) and a random primer with a 5-bp 3? anchor (KmonP-N7-ctcag 
or KmonP-N7-tcctg, 100 ?M). A second round of amplification was carried out 
on 1 ?l of a 1/100 dilution of the first PCR reaction using SB-R2 (right) or SB-
L2 (left) and KmonP, both at 20 ?M. Primers and PCR programs are detailed in 
Supplementary Table 1 and 2, respectively. The final PCR product was run on 
a gel for quality testing and sequenced using SB-R3 for the right end or SB-L3 
for the left end. The sequences obtained for bona fide transposon insertion 
contained about 80 bp of one transposon end before reading into the flank-
ing mouse genomic sequence. These flanking sequences were aligned to the 
mouse genome sequence (Build 37, mm9, using the UCSC Blat webpage, see 
URLs). Most sequences were long enough to enable unequivocal mapping of 
the transposon to a unique position (match >99%, next best matches <95%).
LacZ staining. E11.5 mouse embryos were dissected in cold PBS, fixed in PBS 
with 4% PFA on ice for 30 min, washed twice with ice cold PBS and once at 
room temperature (19–24 °C), and then stained overnight for ?-galactosidase 
activity in a humid chamber at 37 °C as previously described4. After staining, 
embryos were washed in PBS and stored at 4 °C.
Whole-mount in situ hybridization. Mouse embryos were collected at 11.5 
days post coitum (dpc), and whole-mount in situ hybridization was performed 
with DIG-labeled gene-specific antisense probes in accordance with established 
protocols4. Probes were generated by SP6 or T7 transcription on linearized 
templates obtained after cloning a partial complementary DNA (gene-specific 
primers are available in Supplementary Table 1) in pGEM-T-Easy.
Identification of insertional hotspots. We calculated ‘l’, the interval between 
a given pair of primary insertions (on chromosomes 9 and 18 for SBlac-A and 
SBlac-C, respectively), and ‘m’, the number of insertions within interval ‘l’. We 
computed the P value as shown in equations (1) and (2): 
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? ? ?  
 
R M
L
?
with M being all primary insertions on the given chromosomes and L being 
the total length of that chromosome. This procedure was repeated for each 
possible pair of primary insertions, and the interval showing the most sig-
nificant P value defines the hotspot. This method identified two local hot 
spots, chr9: 96,021,889–97,203,726 with 39 insertions for start site A and 
chr18: 27,967,813–30,846,559 with 27 insertions for start site C. Insertions in 
a hotspot that came from the corresponding start site were removed to generate 
the ‘hotspot-free’ insertions.
Correlation between insertions and other genomic features. The gene list 
comprises all the genes with full coordinates and an annotated coding region 
start and end from RefSeq (UCSC Table Browser, mouse genome mm9, RefSeq 
release 39, as on 1 February 2010). From this list, we generated: (i) a TSS list 
based on the coordinates of the gene start sites and (ii) an exon list using 
the genomic positions of the start and end coordinates of all exons. Sperm-
active genes were defined from the ArrayExpress datasets E-TABM-412 and 
E-TABM-130 (ref. 50). These datasets were RMA normalized, and the mean 
expression level per probe set was computed. We kept probes with expres-
sion higher than log2(100) and converted their Affymetrix probeset IDs into 
Ensembl gene IDs via Ensembl BioMart (v56, NCBIM37). The sperm-active 
gene list corresponds to the intersection of the Ensembl gene IDs obtained by 
this process from both datasets. The number of insertions overlapping intra-
genic regions, exons, introns and intergenic regions was calculated for each 
of the transposon insertion subsets. The significance (P value) of the overlaps 
was assessed by repeating the analysis with 100 independent randomizations. 
Randomizations were generated by computing a set of random insertion sites 
with a sample size equal to the analyzed insertion set. The distances between 
the insertions and the closest TSS were calculated, and the results were binned 
into the following categories: <10 kb, 10–100 kb and >100 kb from the TSS. 
To determine if insertion sets showed an intrinsic bias, we compared their 
distributions to the distribution obtained from ten independent randomized 
insertion sets of the same size.
We compared the distribution of insertions between the categories 
‘expressed’ and ‘not expressed’ when subdivided in two groups according 
to their distance to the nearest TSS (that is, below or above a given thresh-
old). A ?2 test was used to determine the significance and to calculate the 
corresponding P value. We considered different thresholds from 10 kb to 
500 kb, with 10-kb steps. No significance could be reached for threshold >50 kb. 
However, for each threshold below 50 kb, the distribution in ‘expressed’ and 
‘not expressed’ categories of the insertions close to or further away from the 
TSS were different at a significance level of ? < 0.05.
Quantitative PCR to measure gene expression. To assess the possible influ-
ence of Sleeping Beauty insertions on the mRNA expression of flanking genes, 
we selected four lines representing intragenic (SB-183610) and gene proximal 
(SB-177627a) insertions, as well as insertions in gene deserts (SB-183382 and 
178318b). Mice were bred to generate wild-type embryos, heterozygous or 
homozygous for a given insertion, except for SB-177627a, where only hetero-
zygous and wild-type insertions were generated (Supplementary Table 3). All 
embryos were collected at 11.5 dpc and the tissues of interest were dissected, 
frozen separately in liquid N2 and stored at −80 °C. Embryonic membranes were 
collected and used to genotype the embryos (details of primers online through 
the TRACER database, see URLs). Subsequently, total RNA was isolated from the 
samples with the required genotype using PureLink RNA Mini Kit (Invitrogen). 
We subjected 300 ng to 1 ?g of isolated RNA to reverse transcription with 
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ProtoScript M-MuLV First Strand cDNA Synthesis Kit (New England Biolabs). 
Quantitative PCR was performed on an ABI7500 system with SYBR Green 
(Applied Biosystems), with every sample being processed in triplicate. Specific 
primers were used for the genes of interest (Supplementary Table 1). For SB-
183382 and SB-178318b, we also measured LacZ mRNA expression. GusB was 
used as an internal control gene, and expression levels were compared using the 
??Cp method. No statistically significant differences were found (two-tailed 
Student’s t-test with unequal variance) for any of the genes.
50. Lefèvre, C. & Mann, J.R. RNA expression microarray analysis in mouse 
prospermatogonia: identification of candidate epigenetic modifiers. Dev. Dyn. 237, 
1082–1089 (2008).
©
 2
01
1 
N
at
ur
e 
A
m
er
ic
a,
 In
c.
  A
ll 
ri
gh
ts
 r
es
er
ve
d.
